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Abstract 
This thesis examines the use of the ratio of anti-Stokes to Stokes inteilsit. ý'. 
henceforth referred to as the aS/S ratio, to characterise SERS active samples. NNC 
show that by studying the aS/S ratio as a function of laser excitation, experimental 
conditions and substrate geometry, the underlying resonance profile can be identified 
for resonant molecules. The majority of the thesis describes the search for clear 
identification of optical pumping. The motivation for this is that it was proposed bY 
Kneipp in 1996[l] as a protocol for characterising SERS cross-sections. We have made 
a detailed study of the aS/S ratio as a function of temperature in dried samples of 
RH6G at high concentrations. We introduce an analysis that allows us to extract the 
various contributions. Both pumping and heating contribute to the anti-Stokes signal 
over most of the temperature range studied. However below a crossover temperature a 
plateau in aS/S ratio is reached where optical pumping is the dominant contribution. 
Hence we have resolved a long standing controversy about the influence of heating and 
pumping. The remainder of the thesis examines how best to use this information to 
extract cross sections for a variety SERS active molecules. We discuss the relevance of 
the radiative lifetime and introduce a method for its estimation as well as the number 
of active molecules and photo-bleaching to the accuracy of these results. We discuss 
ways in which the work could be developed further. In addition to this main body of 
work we have examined the evidence for pumping at low molecular concentrations in 
liquid and show that it is possible to investigate laser heating and optical pumping 
at the single molecule level through investigation of the statistical variations in the 
fluctuations. 
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Chapter 1 
Aims and Outline 
In 1974, Fleischmann and co-workers discovered that the Raman signal of pyridine 
adsorbed onto chemically roughened silver electrodes was massively enhanced at, - 
tributing the effect to the increase in surface area available for adsorption[ii]. It was 
not until several years later that it was realised from work by Jeanmarie and Van 
Duyne[12] and Albrecht and Creighton[13], that the observed enhancements could 
not be explained by a simple concentration effect. The effect became known as Sur- 
face Enhanced Raman Scattering (SERS) and its discovery generated a great deal 
interest in the scientific community. Since its discovery, SERS has been observed 
for numerous molecules adsorbed on a range of metals with typical enhancements of 
between 10' and 10' being observed. Although it was quickly realised that the best 
results were obtained from the noble metals, gold and silver, the effect was observed 
for many other metals such as copper, transition metals important for catalytic re- 
actions such as platinum[14] and even mercury[15]. However, despite a great deal 
of work following its discovery, many aspects of the SERS phenomenon, such as the 
mechanisms of enhancement, remain controversial [16,17]. 
Although a full theoretical description of SERS remains elusive, rapid progress 
has been made in developing SERS for applications over the past decade[18]. This 
progress was energised by the observation of single molecules under SERS condi- 
tions in 1997[19,20]. SERS is ideal for the study of the adsorption of molecules 
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on to metals and reactions in heterogeneous catalysis[21], elect rochemist ry [2 2.231. 
metal corrosion[24,25], biochemistry [26] and as a probe for molecular strilcture and 
orientation[27,28,29]. The high sensitively and chemical specificit ,y of 
SERS also 
makes it well suited to more applied applications such as the trace detection of en- 
vironmental pollutants[30], narcotics[31,32], pharmaceuticals [33,34.35], PNA[36] 
and DNA[37,38,39,40], chemical warfare agents[41], antibiotics [42], bacteria and 
viruses[43,44,45,46,471, dyes for both forensic[48,49,50,51] and art[52,53,54.551 
related applications and explosives[56,57,58]. Specific demonstrations of applications 
for SERS include intracellular pH sensors and imaging[59], genetic screening[60.611. 
cancer detection and the detection of glucose amongst many others[62]. As new 
molecules and substrates have been characterised with SERS, hardware has been 
designed specifically to make SERS cheaper, more flexible and more accessible. Ex- 
amples include optical fibre SERS probes[63,64], lab-on chip applications utilising 
microfluidics[65,66] and cheap portable Raman spectrometers such as Mesophotonics' 
SEIOOO[67]. 
This thesis primarily considers the controversial issue of optical pumping of 
vibrational modes under SERS conditions and its possible use as a metrological tool[I]. 
The aims of the thesis can be summarised as follows: 
Investigate previous experimental methods for the investigation of optical pump- 
ing under SERS conditions and characterise the contributing factors. 
Develop a methodology to conclusively demonstrate optical pumping under 
SERS conditions. 
Demonstrate the methodology for measuring effective SERS cross-sections of 
different resonant and nonresonant molecules as well as different surfaces. 
To consider the physical meaning of the cross-sections extracted and the influ- 
ence of hotspots and photo decomp osit ion. 
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9 To investigate pumping, heating and resonance effects under single molecule 
conditions. 
The format of the thesis is as follows: 
Chapter 2 introduces the principles of the Raman effect beginning with a con- 
sideration of the molecular vibrations that give rise to it. The classical and quantum 
theories of Raman scattering are presented for fundamental modes and the effects of 
anharmonicity are briefly considered. Molecular symmetry and its influence on the 
Raman effect as well as vibrational frequencies is discussed. Calculation of Raman 
intensities is reviewed and the Raman scattering cross-section is defined. 
Chapter 3 introduces Surface Enhanced Raman Scattering (SERS) beginning 
with the electromagnetic and chemical enhancement mechanisms. SERS under res- 
onant conditions (SERRS) is briefly considered before single molecule detection and 
SERS metrology is discussed. Several SERS active substrates relevant to application 
and the current work are then reviewed. The underlying principles of optical pumping 
under SERS conditions are then presented along with a detailed description of the 
experimental evidence for and against the effect. A possible method for clarifying 
the controversy surrounding optical pumping under SERS conditions by studying the 
anti- Stokes/ Stokes ratio, p, as a function of temperature is presented and the effect 
of hotspots and photobleaching is discussed. 
Chapter 4 details the samples and experimental techniques used in this work. 
Chapter 5 presents the results of the thesis beginning with our investigation of 
resonances under SERS conditions. We then consider using p as a function of power 
to investigate optical pumping under SERS conditions and discuss the limitations of 
such measurements. We then study p as a function of temperature for low intensities 
using the Raman microscope for both aqueous and dried samples. We describe the 
development of the method to allow the conclusive demonstration of optical pumping 
under SERS conditions for dried samples. We present effective SERS cross-sections 
for several resonant and nonresonant molecules extracted from such measurements 
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and discuss their magnitudes and wavelength dependence. NVe then use the Ranian 
microscope to measure SERS cross-sections for several substrates. Photodecomposi- 
tion is investigated for a range of experimental conditions and considered as a possible 
metrological tool. 
Chapter 6 investigates the effects of heating, pumping and resonances in the 
single molecule regime using cross correlation of peak parameters. 
Chapter 7 summarises the conclusions of this thesis and discusses possible future 
work. 
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Chapter 2 
The Raman Effect 
Raman scattering is the inelastic scattering of photons[68,69J. This was predicted 
by Smekal in 1923[70J and was first observed by Sir Chandrasekhra Venkata Raman 
in 1928[71j, for which he was awarded the 1930 Nobel prize for physics. With the 
advent of high intensity laser sources and highly efficient CCD detectorsl, Raman 
has become a standard characterisation tool in the study of vibrational properties of 
materials. As SERS is Raman scattering from molecules located at metallic surfaces, 
a good understanding of Raman scattering is essential for a complete understanding 
of SERS. In this section we present a brief introduction to the theory of Raman 
scattering. Although Raman scattering from rotational and electronic transitzons is 
possible, the present thesis is focused on the study of Raman scattering from molecular 
vZbratZons only[72,73J. Therefore we restrict our discussion to Raman scatterZng from 
molecular vibrations in the following. We begin by considering the nature of molecular 
vibrations themselves before presenting the classical and quantum theories of Raman 
scattering[68,69,74J. We then discuss how the intensdies of Raman modes can be 
estZmated[75,76j. We consider the effects of molecular symmetry[77,78.79J and 
group theory[77,80J and demonstrate how these can be used to predict the number of 
vZbrattonally active infrared and Raman modes and show how Raman scattering can 
be used to determine the symmetry of molecular vibrations. We discuss resonance 
Raman scattering briefly before finally considering scattering cross-sectzons[81]- 
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2.1 Molecular Vibrations 
A good understanding of molecular vibrations can be achieved through a classical 
consideration of the molecule[72,73,82]. Classically a molecule can be viewed as 
a group of N electrons and P nuclei and to a first approximation the nuclei can 
be considered as stationary given their large mass in comparison to the electrons. 
The motion of the electrons around this fixed frame is described by 3N degrees of 
freedom. For a fixed molecule in free space, the centre of gravity of the molecule is 
defined by three coordinates. This is sufficient to describe the translational motion 
of the molecule and the number of degrees of freedom decreases by 3. As well as this, 
there are two co-ordinates required to define the rotation of the molecule for linear 
molecules and three coordinates to describe the rotation of non-linear molecules. 
These result in the total degrees of freedom being 3N-6 for non-linear molecules and 
3N-5 for linear molecules. 
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Figure 2.1: Schematic diagram of harmonic and anharmonic vibrational potentials 
with several energy levels shown for both. Energy levels are evenly spaced for the 
harmonic potential and not for the anharmonic. DE and Do are the theoretical and 
spectroscopic dissociation energies for the anharmonic potential respectively. 
Each degree of freedom represents a possible vibration of the molecule that can 
be described classically by a normal mode. For normal modes of vibration, all atoms 
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of the molecule vibrate with the same frequency and pass through their equilibrium 
positions simultaneously. The individual atoms may have different relative vibrational 
amplitudes but the centre of gravity does not move and the molecule does not rotate. 
Each normal mode is assumed to have a vibrational frequency which is independent 
of the other modes. This is known as the harmonic approximation. 
Figure 2.1 shows the vibrational potential functions for harmonic and anhar- 
monic potentials. Quantum mechanics tells us that each normal mode (K) with 
harmonic potential leads to a series of equally spaced vibrational energy levels. The 
quantum of vibrational energy is given by AEK=: hvK. More generally the vibrations 
will be anharmonic with contributions from electrical and mechanical anharmonicity. 
Mechanical anharmonicity arises if the restoring force is not linearly proportional to 
the displacement. Electrical anharmonicity results if the change in dipole moment, is 
not linearly proportional to the displacement during the vibration. Anharmonicity 
of the vibrations has important consequences for the dynamics of the molecular vi- 
brations. Whilst the energy levels for the harmonic potential are evenly spaced, the 
difference in energy between the levels of the anharmonic potential shown in figure 
2.1 decreases as the energy increases. A dissociation energy, D, is associated with 
the anharmonic potential. The true energy required for dissociation is given by Do 
which is smaller than D, due to the zero point energy of the lowest vibrational level. 
Throughout the sections on the classical and quantum theories of Raman scattering 
we will assume that the normal modes are harmonic. The effects of anharmonicity of 
the potential on Raman scattering will be considered in section 2.4. 
Electromagnetic radiation interacting with molecular vibrations can be absorbed 
or scattered depending on its wavelength. Figure 2.2 shows a schematic energy level 
diagram for the different processes. Absorption occurs when the incident light is of 
precisely the same energy as the molecular vibration. This is referred to as infrared 
(IR) absorption as the energies of molecular vibrations are generally in the IR spectral 
range. This is shown by the IR process in figure 2.2. The molecule is excited from the 
ground state to the first excited state and the photon is annihilated. Absorption can 
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also occur when the energy of the incident photon is close to an electronic transition 
within the molecule. The molecule can then relax through a variet-v of proces,, es 
including nonradiative relaxation followed by the emission of a photon of IoNver energy. 
This is referred to as fluorescence. 
vv t 
Raman Resonant Raman 
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v-- 2 
Eo 
v=O 
Figure 2.2: Schematic energy level diagram for IR absorption as well as Raman and 
Resonant Raman scattering processes where R, S and A are Rayleigh, Stokes and 
anti-Stokes Raman respectively. The dotted lines represent virtual states. 
Photons can also be elastically scattered in a process known as Rayleigh scat, - 
tering. In this case a photon of much higher energy than the molecular vibration 
excites the molecule from the ground state to a virtual state, indicated by the dashed 
line in the energy level diagram. This decays back to the ground state immediately 
emitting a photon of exactly the same energy as the incident photon. 
Incident photons may also be inelastically scattered which is Raman scattering. 
Here an incident photon of much higher energy than the vibrational transition excites 
the molecule from the ground state to a virtual state which decays to the first excited 
state. The emitted photon is of slightly lower energy compared to the incident photon. 
This is known as Stokes Raman derived from the Stokes rule of fluorescence which 
states that fluorescence always occurs at lower energies than the exciting radiation. 
The incident photon can also interact with molecules in the excited state. then the 
energy of the molecule decreases. In this case the energy of the scattered photon 
is increased compared to the incident photon energy and is known as anti-Stokes 
32 
IR RSAR 
Raman. In both cases the energy of the molecule is changed by a small amount, 
AE, corresponding to the energy of the vibrational transition the photon interacts 
with. Likewise, the energy of the scattered photon, hv,, differs from that of the 
incident photon, hvO ý by the same amount AE, Because both Stokes and anti-Stokes 
scattering is possible from the same vibrational modes they are complimentary. 
Experimentally, the Rayleigh scattered light is observed at vo whilst Stokes 
Raman scattered light is seen at vo - v, and the anti-Stokes at vo + v, Rayleigh 
scattering is a strong process compared to Raman scattering for which approximately 
only I in 10'- 10' photons is typically scattered. Raman spectral features are typically 
very sharp when compared to features such as fluorescence, with a line width of about 
20-50 wavenumbers. Raman scattering provides a structural fingerprint of a molecule 
since it is determined by the energy of the molecular vibrations which themselves are 
dependent on the specific atoms, bond strengths and structure of the molecule making 
it a powerful tool for molecular identification. This may not be the case for large 
molecules which are made up of similar components such as proteins. Fluorescence is 
also typically a much more efficient process than Raman which can be obscured for 
molecules that fluoresce strongly. 
2.2 The classical theory of Raman scattering 
Raman scattering can be explained according to classical theory by considering the 
influence of an electric field on a molecule[68,69,74]. When a molecule is placed 
in an electric field, E, such as that of a laser, it is distorted with the positively 
charged nuclei attracted to the negative pole and the electrons to the positi"-e. The 
distortion induces a dipole moment, p, with a polarisability, a. The polarisability is 
a measure of the deformation of the electron cloud of the molecule as it interacts with 
the electric field. As p and E are vectors consisting of three components in the x. y. 
and z directions oz is a3 rd rank tensor known as the polarisability tenson Hence the 
induced dipole is given by: 
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aE. 
The electric field strength of the laser beam varies in time according to: 
E- Eo cos 27vot. (2.2) 
We can combine equations 2.1 and 2.2 to give: 
ceEo cos 27vot. (2-3) 
The nuclear displacement, Q, of a molecule vibrating with a frequency of v, is 
given by: 
Q =: Qo cos 27vt, (2.4) 
where Q0 is the amplitude of the vibration. We can then expand a as a Taylor 
series: 
a= ao+ Q+ aQ 
(2.5) 
where ozo is the equilibrium polarisability and (9a/(9Q is the rate of change of 
the polarisability with respect to Q measured in the equilibrium configuration. By 
assuming the vibration is harmonic and that the amplitude of vibration is small we can 
ignore the higher terms of the Taylor expansion of oz. We can combining equations 2.3. 
2.4 and 2.5 and use the trigonometric identity cos a cos b= 1/2 (cos (a - b) + cos (a + b)) 
to obtain: 
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aOEO cos 27vt + cos 27 (vo - 1/, ) t+ Cos 27 (vo + vt, ) t) (2.6) 1. OQ 2( 
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Equation 2.6 shows that the induced dipole moment, p, varies with three com- 
ponent frequencies vo, vo - v, and vo + v, which correspond to the Rayleigh, Stokes 
Raman and anti-Stokes Raman scattered light respectively. If there is no change in 
polarisability associated with the vibration then (9a/(9Q =0 and no Raman compo- 
nents will be present. Thus for a vibration to be Raman active it must involve a 
change in polarisability. 
2.3 The quantum theory of Raman scattering 
The total vibrational wave function T, of the molecule can be written as the product 
of the wave functions Ti(ni), where Tj is the wave function of theith normal vibration 
(i =I throughm where m is the total number of normal vibrations) in the nth state: 
Tv = API(nl)qj2(n2) qfm (nn). (2.7) 
Generally the normal modes can be in any state at any time. However, under 
the harmonic approximation we are only interested in fundamental transitions where 
all the normal modes are in their ground state and only one is excited into the first 
excited state. Thus, for two states characterised by the wave functions T' and T', 
the dipole moment induced between them is a vector Pnm given by: 
Pnm -f qjn*p'FmdT, (2.8) 
where p is the magnitude of p,,,,,, d-F is a volume element in configurat, ional 
space and the integrals are over all space. The induced moment is given by: 
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Pnm - Cen,, E. (2.9) 
The matrix elements arising from the induced dipole moment p are given by: 
iT 
pT'dT= ET n* aqj'dT. (2.10) 
Similar to the classical treatment we Taylor expand a,, for small variations: 
Ef IF n* aT'dT = Eceo IF n* TmdT+E 
ace 
T n* QkkPmdT. 
k OQk 
Rayleigh scattering Raman scattering 
The mutual orthogonality of the eigenfunctions means that the integral of the 
first term on the right-hand side of equation is zero unless xP,, = T,. In this case the 
integral is simply equal to I and is responsible for elastic scattering - Rayleigh scat- 
tering. As the components of ao are nonzero for all molecules, Rayleigh scattering is 
always allowed. The kth summand in the second integral represents the contribution 
of the kth normal mode to the Raman spectrum. This integral is governed by the 
properties of Hermite polynomials contained in the expressions for the simple har- 
monic eigenfunctions qfn and T' and vanishes except for transitions where Ak = ±1. 
The incident light, vo, interacts with the molecule which gains or loses energy equal 
to the vibrational energy of the transition involved. This amount of energy is either 
taken from or added to the incident quantum hilo, as a result both quanta h(vo - Pk) 
and h (vo+ l1k) are scattered. 
As with the classical treatment, Raman scattering is dependent on the value of 
, 9a/(9Q in the second integral. If there is no change in the polarisability during the 
vibration, i9a/(9Q will be equal to zero and the vibration will be Raman inactive. 
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2.4 The Effects of Anharmonicity - Combination, 
Difference and Overtone Modes 
The theory of Raman scattering presented in the previous two sections relies on the 
assumption that the potentials of the molecular vibrations are harmonic in nature and 
that higher than linear terms of the Taylor expansion of a can be ignored. As already 
discussed in section 2.1, molecular vibrations are typically anharmonic in nature. 
For small amounts of anharmonicity the energy levels will not be too different from 
those of a harmonic potential. However, they will no longer be evenly spaced and the 
associated eigenfunctions will no longer possess the properties of Hermite polynomials. 
Hence transitions other than the fundamental Ak = ±1 will be allowed. This type of 
anharmonicity is referred to as mechanical anharmonicity. 
However, anharmonicity would also arise even if the pot, ential was harmonic 
if the higher order terms of the Taylor expansion of oz are included. For example, 
including a Q' term in the expansion would have had a contribution to the induced 
transition moment involving an integral f (9Qk 4jn*Q2T'. This integral will vanish k 
except for transitions of Ak = ±2 as determined by the Hermite polynomials occur- 
ring in the simple harmonic eigenfunctions T' and IP'. Thus tranistions of jAkI > ±2 
would become possible by including the higher order terms of the Taylor expansion. 
This type of anharmonicity is referred to as electrWal anharmonicity. These effects 
collectively lead to combination, difference and overtone Raman modes. 
Combination modes occur when the photon excites two different vibrations si- 
multaneously. The resulting mode consequently appears near the combined frequency 
of the two fundamental modes involved. Difference modes result from transitions from 
the excited state of one vibration to the excited state of another higher energy vi- 
bration. Thus the energy of the mode is equal to the difference between the two 
modes involved. Difference modes are strongly temperature dependent as they rely 
on the vibrational levels being significantly populated. Hence they disappear at low 
temperature. Finally, overtone modes occur when a transition is ±2 or greater. All of 
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these types of mode are typically of much weaker intensity than fundamental modes 
and are not observed in the current study. Hence they will not be considered further. 
2.5 Molecular symmetry 
Molecular vibrations can be classified according to their symmetry allowing a great 
deal of information to be obtained from group theory[77,78,79,801. In this section we 
very briefly give an example of this. The first step in the analysis is the determination 
of which point group the equilibrium molecular geometry belongs. For example the 
simple molecule H20 belongs to the C2, point group. The character table for the C2, 
group is shown in table 2.1. 
The next step is to classify the symmetry of the normal motions, F, of the 
molecule. In the case of our simple molecule, H20, there are 9 total normal vibrations 
whose symmetry is given by: 
Ft, t = 3A, + A2+ 2B, + 
3B2- (2.12) 
Once the normal motions of the molecule have been classified we remove those 
corresponding to the translational and rotational motions as we are only interested in 
vibrational modes. The irreducible representations to which the translational (x. y, 
and z) and rotational (R,, Ry and Rz) motions belong is determined by the translation 
and rotation column of the character table for the point group. The character table 
for the C2, point group gives the representations of the translational motion and the 
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rotational motions as being: 
Ftrans = A, + B, + B2 Frot = A2+ B, + 
B2- 
Subtracting these from the total motion levels gives the vibrational modes: 
Fvib = 2A, + 
B2- (2.14) 
Hence water has three normal modes, two of A, symmetry and one of B2 symme- 
try. The normal modes can usually be associated with certain kinds of motion. Those 
that mainly involve changes in bond length are referred to as stretching modes and 
those that mainly involve changes of bond angle are known as deformation modes. 
In some cases the stretching vibrational modes can be visualised using symmetry 
coordinates. 
The vibrational wave function of the ground state belongs to the same totally 
symmetric irreducible representation of the point group of the molecule. The wave 
function of the first excited state will belong to the irreducible representation to 
which the normal mode undergoing the particular transition belongs. A fundamental 
transition will only occur if one the integrals given by equation 2.8 is non zero. For 
vibrational transitions this condition can be expressed in the following way: 
Fqjo - Fqq C 
FX2, (2.15) 
v 
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and similar for yIZ', xy, xz and yz. This and a similar consideration for the 
infrared absorption lead to the infrared and Raman selection rules: 
A fundamental vibration will be infrared active if the corresponding nor- 
mal mode belongs to the same irreducible representation as one or more 
of the Cartesian coordinates x, y and -ý. 
39 
A fundamental vibration will be Raman active if the normal mode under- 
going the vibration belongs to the same irreducible representation as one 
or more of the components of the polarisability tensor of the molecule. 
The symmetry of the modes of a molecule combined with the character table 
for the point group of the molecule allows us to determine which vibrational modes 
are infrared and Raman active. The vibrations of H20 belong to the A, and B2 
representations of theC2. point group and the character table reveals that all three 
with be both Raman and infrared active. However, this will not always be the case as 
a particular mode may belong to different symmetry species in different point groups, 
its behaviour is strongly dependent on the molecular symmetry. For example the V, 
symmetric stretching mode of an AX3molecule is infrared inactive if the molecule 
is Planar (belonging to the D3h point group) but is infrared active if the molecule 
is pyramidal (belonging to the C3, ). Clearly infrared and Raman spectroscopy are 
powerful and complementary techniques for determining the symmetry of molecules. 
The number and activity of the fundamental vibrations of each symmetry species 
are known. However, no information about the intensity or vibrational frequencies 
with which each normal mode will be observed can be obtained from group theory. 
2.6 The Depolarisation Ratio 
The previous section showed how the polarisability and Raman activity of vibrational 
modes is strongly dependent on their symmetry. The depolarisation ratio is defined 
as the ratio of the intensity of the scattered light polarised perpendicular to the xy 
plane I_L to that polarised parallel to the xy plane 111. Study of the depolarisation 
ratio of Raman scattered light can reveal information on the symmetry of molecu- 
lar vibrations. For Raman scattering the change in polarisability can be split, into 
isotropic and anisotropic components which are known as the ai andaa components 
respectively: 
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(G'x + ceyy + cezz) (2.16) 
21f (ce (axx 
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(2.17) 
ozi and (aa) are invariant for changes in molecular orientation. It can be shown 
that the ratio of the intensity of perpendicularly to parallel scattered line for a po- 
larised light source is given by: 
PLIO - -1-L - 
3(oza )2 
)2 Il 1 45 
(cei)2+4(oZa (2.18) 
The value of the depolarisation ratio is dependent on the symmetry of the 
mode involved. The isotropic polarisation ozi is non-zero for only totally symmetric 
vibrations and such modes have a depolarisation ratio of less than 0.75. For all other 
modes cei' =0 and the depolarisation is 0.75. 
2.7 Vibrational Frequencies 
The vibrational frequency of a diatomic molecule is given by[69]: 
VV 
Ký 
(2.19) 
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where K is the force constant and p is the reduced mass. 
The case of polyatomic molecules is considerably more complex. In this case 
the force constants can be calculated using normal coordinate analysis[73.72]. A full 
description of normal coordinate analysis is complex and lengthy thus Nve only present 
a brief description of it here for completeness. 
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It is convenient to express the kinetic and potential energies in terms of internal 
coordinates such as the bond length (Ar) and angles (AO). This coordinate s' v'steill 
has two advantages over Cartesian coordinates in that, the number of coordinates 1.1_ý 
greatly reduced and that the force constants obtained have a clearer physical mean- 
ing representing force constants for bending and stretching modes. For molecules 
containing equivalent coordinates due to symmetry properties the calculation may be 
greatly simplified using symmetry coordinates rather than internal coordinates. In 
such cases the internal and symmetry coordinates are related by the U matrix which 
is normalised and orthogonal such that: 
E (Ujk) 2 
k 
>I Wik) (Ulk) 
k, j: 01 
0. (2.20) 
Once the coordinate system is decided the potential energy is defined in terms 
of the F matrix and the kinetic energy is defined in terms of the G-matrix such that: 
2V = RFR 2T = RG-lftl (2.21) 
where R and its transpose R are column and row matrices consisting of internal 
coordinates respectively and R is the time derivative of R, R is its transpose and G-' 
is the reciprocal of the G-matrix. The elements of the G-matrix can be calculated 
using Decius table[83]. In order to take advantage of the symmetry properties of the 
molecule, the F and G matrices must be transformed in to Fs and Gs via: 
Fs = UFU Gs = UGU. (2.22) 
Such a coordinate transformation can greatly simplify the calculation especiallY 
for large molecules. Since the normal vibrations are completely independent of each 
other the potential and kinetic energies must be written without cross terms. Hence. 
it is necessary to eliminate the cross terms from equation 2.22. This is done bY solving 
the secular equation: 
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JGF - EAJ - 01 (2.23) 
where E is a unit matrix containing ones as the diagonal elements and all off- 
diagonal elements are zero. 
Usually the atomic masses, bond distances and overall structure of the molecule 
are known and the G-matrix can be calculated. However, the force constants are 
generally unknown. As a first approximation the force constants of similar bonds are 
used to calculated the vibrational frequencies by solving equation 2.23. The force 
constants are then refined by comparison to observations. 
2.8 Raman intensities 
Raman intensities can be estimated from the polarisability theory as developed by 
Placzek in the 1930s[75,76]. The theory is based on the assumption that the frequency 
of the incident photon, vo, is much larger than that of the molecular vibration, V, and 
much smaller than that of any electronic transitions that may give rise to resonant 
Raman. Hence the theory is only applicable under nonresonant conditions. From 
this the intensity of the Stokes and anti-Stokes scattered by one molecule per unit 
intensity of the incident photons is given by: 
27 2h (vo - l/V), ( aij )2 ISV I 
i3 
_ 9v 
ý- 
(2.24) 
c vv exp(-hcvvlkT)l (qQv 
Z3.2 7F2 h 1/0 +Vv 
)4 oozi3 )2 
(2.25) 
avS c vv [exp(hcvvlkT) - 1]gv OQv 
where T is the absolute temperature of the sample, h is Planck's constant, c is 
the speed of light, g, is the degree of degeneracy of the molecular vibration of the 
molecule and ((9cejj1OQ, ) is the change of the aij component of the polarisability 
tensor for that vibration with respect to the normal coordinate Q,. The intensity of 
43 
the scattered radiation per molecule is called the scattehng coefficzeot and is char- 
acteristic of the vibration for constant excitation. These equations show that the 
intensity of the Raman scattering is proportional to the square of the polarisabilitY 
derivative with respect to the normal vibration coordinate and to the fourth power 
of the scattered vibrational frequency. 
By taking the ratio of these two we obtain the anti- Stokes/ Stokes intensitY ratio. 
JAS 
_ . 
(LIO + 
, /v)4 e -hu,. 
IkBT (2.26) 
Is (1/0 - VV)4 
This equation shows that, p is exponentially dependent on the temperature. 
Hence, p is extremely sensitive to changes in temperature making it a powerful tool 
for the investigation of temperature related effects. However, as stated above this 
analysis is only applicable under nonresonant conditions. Significant changes occur 
under resonant conditions as we discuss in the next section. 
2.9 Resonant Raman Scattering 
When the energy of the excitation photons, vo, is close or equal to an electronic 
transition in the molecule resonant Raman scattering occurs as shown schematically 
in the energy level diagram figure 2.2. Under these circumstances the Raman bands 
involved can selectively enhanced by approximately 103 _ 105. We can gain some 
insight into this by considering the theoretical intensity of the Stokes Raman band 
as given in equation 2.25. This shows that the intensity of Raman scattering is 
proportional to the square of the polarisability derivative, (9aij/(gQ,. Under resonant 
conditions this term is rewritten as[76]: 
(Ceij)mn 
MmeAfen 
+A 
Iýn 
63 
icý, 
N 
Z-' v +vo+I vo + 'je en je) 
- 
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Table 2.2: Typical cross-sections for IR absorption, fluorescence and Rayleigh. Ra- 
man, and resonant, Raman scattering. 
Process Cross section, a, (CM-2) 
Fluorescence 
Infrared absorption 
Rayleigh scattering 
Resonance Raman scattering 
Raman scattering 
10-19 
lo-21 
io-26 
lo-24 
io-29 
Here v, and v,, are the frequencies corresponding to the energ. v difference 
between the electronic states subscribed, h is Planck's constant. -j, is the band Nvidth 
of the electric dipole moment with the i-ý, term known as the damping term. The 
Mme, AI,,, are the electric transition moments given as: 
IV * [L, xP, dT. Mme m (2.28) 
Where T,, and T, are the total wavefunctions of the m and e states respectively 
and p, is the a component of the electric dipole moment. As vo approaches v, the 
denominator of the first term in equation 2.27 becomes very small. Consequently. 
this term becomes extremely large and increases the intensity of the Raman bands 
associated with the chromophore enormously. This is resonance Raman scattering. 
As 
the excitation becomes resonant with an electron transition of a molecule, 
fluorescence 
will also become increasingly important. Although the 
Raman can be enhanced, 
the increased fluorescence must also be considered. Resonance conditions will also 
influence the ratio of the anti- Stokes/ Stokes intensities, the effects of which will 
be 
considered in the results section. 
2.10 Scattering Cross-sections 
The primary subject of this thesis is the development of 
techniques to precisely char- 
acterise different substrates and molecular systems. 
The strength of scattering and 
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other optical processes such as fluorescence and absorption are defined usino-) g the scat- 
tering cross section. The cross section is the effective area available for the scattering 
process presented by the scattering molecule. Therefore the cross section has units of 
area and is typically given in units of CM-2. The differential cross-section. dgl(ffl. is, 
the probability of observing a scattered photon per unit solid angle: 
do7 
_1 
(0) 
(2.29) d9 ýoNtot' 
where 1(0) is the intensity of the Stokes Raman scattered light, detected at angle 
0, from the incident light, ýo is the irradiance of the incident light and Ntot is the 
total number of molecules irradiated. Hence, by taking the expression for the Stokes 
scattering intensity from 2.8 and using the isotropic and anisotropic components 
of oz from section 2.6 we obtain the following expression for the differential cross- 
section[81]: 
dor T2h 45(a' )2 +7 (-ýP' )2 Nt, t 
-=2 1/0 - vv 
)4_p (2-30) 
dQ 60 8, F2CZIV 45 1- exp[-hcPpIKBT] 
As this expression is based on Placzek's polarisability theory it is for nonreso- 
nant conditions only. Large variations in the cross-section are observed for different 
analytes, vibrational modes and wavelengths [84]. Cross sections for many analytes 
and molecular vibrations for the various scattering processes can in many cases be 
found in the literature[85,86,87]. Typical values of the cross-sections for infrared 
absorption, fluorescence as well as the Rayleigh, Raman and Resonance Raman scat- 
tering processes are given in table 2.2. It is clear from these values that Raman 
scattering is extremely weak under normal conditions. 
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Chapter 3 
Surface Enhanced Raman 
Scattering (SERS) 
In this chapter we review the theory of the electromagnetic (EM) and chemical en- 
hancements mechanisms and briefly consider the effects of resonance under SERS 
conditions. We then discuss the observation of single molecules under SERS condi- 
tions considering the experimental conditions under which single molecules are ob- 
served. Current metrology techniques are discussed in section 3.5. We then discuss 
optical pumpZng under SERS conditions reviewing the arguments for and against its 
existence and its use for metrology. We discuss the relationshT between pumping, 
hotspots and photobleaching. 
3.1 The Electromagnetic Enhancement Mechanism 
In the electromagnetic (EM) enhancement mechanism of SERS, the enhancement 
arises from strong electromagnetic fields near the metal surface[88,89,90]. There are 
three contributing effects relating to the proximity of the molecule to a conducting 
surface which are the image dipole enhancement effect[10.91]. the increase of local 
fields at locations of high curvature known as the lzghtnzng rod effect[92] and the 
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resonant excitation of plasmons which are collective oscillations of the conduction 
elect, rons[93]. 
In the image dipole enhancement effect the molecule can be thought of as a 
point dipole and the metal as a perfect mirror. When in close proximity to the metal 
surface, a dipole moment induced in the molecule is imaged into the metal which 
induces an additional dipole in the adsorbed species which adds further to the effect. 
This is an extremely simplified model and more complex arrangements can be easilY 
imagined leading to a strong enhancement of the Raman scattering. The image dipole 
effect is effective only for molecules in extremely close proximity to the metal so is a 
short range effect[IO, 91]. 
The lightening rod effect occurs for metallic surfaces of high curvature[92]. Such 
regions become highly polarised in response to an applied external electromagnetic 
field. This polarisation leads to strong local fields in the vicinity of regions of high 
curvature which enhances the Raman scattering of any molecule adsorbed nearby. 
The resonant excitation of plasmons is thought to make a significant contribu- 
tion to the SERS enhancement. Bulk plasmons, which are collective oscillations of 
electrons that extend throughout the metallic structure, may play a role, although 
this is likely to be relatively small. The majority of the enhancement of the elec- 
tromagnetic fields close to the metallic surface is generated by surface plasmons[931. 
Plasmons may be confined to the interface between a metal and dielectric when the 
dielectric constant of the insulator is negative with an absolute value greater than the 
imaginary part. These are surface plasmons and they are free to propagate along the 
surface. The electric field generated by a surface plasmon 
is non-radiative and decays 
exponentially from the surface. The propagation 
distance is determined by the sur- 
face roughness and losses such as ohmic heating which is 
dependent on the imaginary 
part of the dielectric constant of the metal. Hence the 
imaginary part of the dielectric 
constant of the metal must be small for strong 
ENI enhancements. Figure 3.1 shows 
the real and imaginary components of the dielectric 
functions of Ag (left) and Au 
(right)[2]. The real part of the dielectric function is negative throughout 
the visible 
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range for both metals whilst the imaginary part is small. particularlY in the caS(, of 
Ag. It is these properties that make silver and gold ideal for SERS in the visible. 
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Figure 3.1: Real and imaginary components of the complex dielectric functions of 
silver and gold[2]. 
Incident light cannot couple to surface plasmons without some sub-wavelength 
surface roughness, hence this is a critical feature of SERS active substrates[94,95]. 
The surface roughness will also scatter the surface plasmons and their propagation will 
be more like a diffusion process rather than that, of an extended wave[93]. This leads 
to a localisation of electromagnetic field density in small areas which is higher than 
that of the extended surface plasmon. These areas can be as small as a few tens of 
nanometres giving rise to highly inhomogeneous field distributions. Such regions are 
referred to as hotspots[96] and have been observed by near field measurements [97,98]. 
The location of the hotspots is strongly dependent on the specific geometry of the 
nanostructure as well as the excitation frequency and polarisation. Consequently 
areas which appear relatively low enhancing at a particular frequency ma., "- become 
hot for others[99,100,101]. 
When metallic particles such as colloids are in in close proximity, the individual 
dipole oscillators of the constituent particles couple to generate normal modes of 
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plasmon vibration that extend over the entire structure[1021. Such modes are referred 
to as coupled plasmons and span large frequency ranges. 
The essential features of the E-NI mechanism can be demonstrated through a 
consideration of an isolated metallic sphere with a complex dielectric constant 6 sur- 
rounded by a medium of relative permittivity co[89,90]. This is analogous to the 
colloidal solutions used for much of this work. In this case the total effective field the 
molecule experiences, Eyl, is a superposition of the incoming field EO and the field 
of the dipole induced in the metal sphere Ep. In the limit where the diameter of 
the sphere is small compared to the wavelength of light, the problem is reduced to 
electrostatics [103]. The formula for the field of the induced dipole is given _bY: 
E, 
p = r3 
'00) - 60 Eo I 
E(vo) + 26o (r + d)3 
(3.1) 
An important result of this analysis is the appearance of the (6(vo) + 2co)-1 
factor. The factor of 2 in the second term arises from the boundary conditions and 
is a function of the specific geometry of the metal object. It is 2 in this case because 
the metallic structure is a sphere but will be different for other geometries. It is 
clear that the field is particularly strong when the real part, of the 6 is equal to -260 
which corresponds to the resonant excitation of the surface plasmons. Since both the 
incident and scattered fields are enhanced, the total EM enhancement G, can be 
written as: 
Gem =6 
(VO )_ e() 
26 (1, /8 )_ 60 
2(r) 12 
* 
(3.2) 
c(vo) + 2eo c(vo) + 2co r+d 
The above equation shows that the enhancement is proportional to the fourth 
power of the local field[104]. This simple model contains the essential components of 
the electromagnetic theory. However, more complex theoretical considerations which 
include the influence of the analyte have been made[105]. The high electromagnetic 
field gradients present near metallic surfaces can lead to nonlinear effects in adsorbed 
molecules giving rise to Raman modes that are normally forbidden[106.107 
1 
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In principle, simulating the electric field distribution resulting from the interac- 
tion of light, with any surface involves a complete solution of Maxwell's equatimis[108]. 
This is very difficult and analytic solutions have only been developed for simple geome- 
tries such as Mie theory for isolated spheres[109] and generalised Mie theor 
'y 
for 
groups of spheres[110]. Several numerical techniques have been developed to simulate 
light interaction with more complex geometries such as the finite element method 
(FEM) [111] and the discrete dipole approximation (DDA) [112]. Although several im- 
plementations of these techniques are freely available on the internet, sophisticated 
commercial programs such as Comsol Femlab[113] make such simulations straight- 
forward. These simulations allow the effects of geometry, polarisation and different 
metals to be investigated and compared to experimental results[114]. Such investi- 
gations have been carried out for colloids[115], metallic nanoshells[116]. individual 
dimers[117] and metalised tips as used in TERS[118,119]. The maximum EM en- 
hancement factors calculated for isolated single colloidal silver or gold particles are of 
the order of 106 to 107 . 
Extra field enhancement is found for closely spaced interact- 
ing particles with EM enhancement factors as large as 1011 at the midpoint between 
particles separated by just 1 nm[120]. 
The electromagnetic enhancement mechanism is essentially a long range effect 
requiring no direct contact between the molecule and the metal. Equation 3.2 shows 
that the EM enhancement for spheres decays with distance as (Ild 3) to the fourth 
power. Several studies of the distance dependence of SERS have been made using 
analytes with characteristic Raman modes associated with structural features that 
can be incrementally shifted away from the surface[121,122.123]. The results of 
these studies compare well with the electromagnetic theory as developed by 
Gersten 
and Nitzan[88] with the distance dependence and rate of 
decay of the electromag- 
netic enhancement being strongly dependent on the specific geonieti-Y and nature 
of the surface. These studies have shown that the electromagnetic enhancement 
i,, -, 
observable for molecules located up to 40 nm away from the surface[I-131. 
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3.2 The Chemical Enhancement Mechanism 
SERS is not only sensitive to the EM properties of a molecule's environment but 
also the chemical properties. The observation that not all molecules experience the 
same enhancement and the observation of fluctuations [124,125.1261 are a result of 
a chemical mechanism. Generally. molecules adsorbed onto the metal surface can 
be classified as physisorbed or chemisorbed according to their enthalpy of adsorption. 
Adsorption is a dynamic process which is different for each molecule which can go 
some way to explaining both the differences in enhancements for molecules with 
similar Raman cross sections as well as the fluctuation effects observed in SERS. 
Absorption enthalpies greater than -25 KJ mol-1 are considered to be physisorption 
and enthalpies of -40 KJ mol-' or less are defined as chemisorption and form a metal- 
analyte surface complex[127,128]. Physisorption involves van der Waals bonding 
which can take place over multiple layers whereas chemisorption involves stronger 
interactions such as covalent bonding and is limited to the first layer. 
The electron cloud of adsorbed molecules is distorted by their interaction with 
the metal altering the polarisability of the molecule. In the case of physisorption, 
the polarisability of the molecule is only slightly affected. changing the polarisability 
tensor and selection rules for the various modes. As a result the SERS of physisorbed 
molecules may be slightly different from the normal Rama, n spectrum of the molecule. 
Chemisorbed molecules are far more drastically affected leading not only to changes 
in frequency and intensity of the intrinsic modes but also to the appearance of new 
ones[107]. 
The chemical enhancement is most commonly attributed to charge transfer (CT) 
excitations between the metal and chemisorbed molecules[17,129,130]. Hence this 
is commonly referred to as the first layer or electronic effect[131]. Absorption of 
incident light by electrons from the metal which are excited to a molecular orbital of 
the analyte is possible in such systems. Eventually the electron will tunnel or jump 
back to the metal leaving the molecule in a vibrationally excited state wInIst ernitting 
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a Raman scattered photon. In many respects the CT mechanism can be considered 
analogous to resonant Raman scattering although selection rules will generally be 
significantly modified[130]. It, has been estimated that the maximum enhancement 
from such a process would be of the order of 10'[129]. 
Such new electronic transitions involving the metal-analyte surface complex 
are tremendously difficult to characterise directly and as such very few reports have 
been made in the literature. However, the increasing sophistication of computational 
techniques has greatly helped with the identification of such CT processes through 
the comparison of ab initio calculations with experimental results[132,133,134]. 
Numerous "chemical" effects affect the SERS intensities although they cannot 
be considered as enhancement mechanisms. These include the surface coverage of 
molecules on the nanostructures and the "adsorption isotherm- provides a great deal 
of insight into the enhancement mechanisms [135]. Whilst most studies have shown 
evidence for both EM and chemical enhancements [136,137], some argue that the 
entire SERS effect arises from chemical enhancement of molecules adsorbed at special 
active sites leading to the so called "adatom" model which has been the source of 
much discussion in the literature[138,139]. Molecules increasingly interact with each 
other at higher concentrations affecting adsorption dynamics[140,141] and defect 
sites modify adsorption geometries and mechanisms[142] resulting in changes to peak 
positions and broadening[143,144]. The plasmon absorption of the nanoparticle will 
also be affected by the dielectric properties of adsorbed layers[109]. 
Adatoms may lead to hot spots similar to those thought to arise in the ENI 
mechanism. Detailed studies correlating the SERS from clusters and single colloids 
have been made investigating the properties of geometry and chemical environment 
over large areas[145,146,147,148]. These studies have found no clear evidence that 
the microstructure is correlated to the SERS/SERRS activity and work is ongoing. 
Colloidal particles are charged due to the adsorption of ions and the ionisation 
of surface functional groups strongly affecting analyte adsorption and colloidal sta- 
bility due to coulombic forces. Generally, the best SERS enhancement results are 
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observed when an activating agent is added to the analyte which changes the siti-face 
charge of the metallic nanostructures to allow adsorption and aggregation[ 1491. The 
most commonly used activating agents contain either chlorine, bromine or iodine ions 
such as NaCI, KBr or Nal[12,150,151] although acids may also be used[152]. The 
pH can have similar effects[153] and has been extensively investigated for different 
colloids and analytes[154]. The sensitivity of SERS to pH has been used to investi- 
gate the action of drugs in different chemical environments [155] and has led to the 
development of pH sensors based on SERS[156,157]. Enhanced absorption of light bY 
molecules at metallic surface also leads to enhanced photochemistry [158,159] which 
is extremely important for SERS measurements [160,161]. Carbon contamination re- 
sulting from photochemical decomposition or during substrate fabrication can lead 
to large backgrounds that interfere with SERS signals[162.163,164,165]. 
3.3 Surface Enhanced Resonant Raman Scattering 
SERS is more sensitive to resonance conditions than Raman due to the complex nature 
of the samples. Whereas Raman measurements can only involve a direct resonance 
with the analyte itself, there are several possible resonance contributions present in 
any SERS sample including: (1) direct Raman resonance or pre-resonance with the 
analyte (iZ) the surface plasmons of the nano-objects[1051, and (M) the metal-analyte 
surface complex. 
The most obvious source of resonance in any SERS measurement is the intrin- 
sic resonance of the molecule itself. Many of the published results of SERS have 
involved resonant analytes, such as laser dyes, using resonant, or preresonant excita- 
tion. Although resonance can be an important source of enhancement for standard 
Raman scattering, it is often accompanied by an increase in fluorescence. 
ExcessiN-e 
fluorescence can be quenched for dyes in close proximity to metal surfaces 
due to 
the existence of rapid non-radiative recombination pathways[166]. 
This can allow 
direct resonance with not only dyes but many other resonant molecules which would 
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normally be photobleached or dominated by fluorescence. Direct resonance with the 
analyte itself under SERS conditions is normally referred to as Surface Enhanced 
Resonant Raman Scattering (SERRS) although other possible sources of resonance 
exist. It is important to realise that just as the optical properties of the metal struc- 
t, ure are affected by the dielectric properties of the surrounding environment, so too 
are the optical properties of the analyte. Therefore the analytes resonance profile can 
be modified by close proximity to the metal surface. 
As we have previously discussed plasmons are significant due to the large en- 
hancements they provide. As previously discussed in section 3.1, the effects of plas- 
mons are extremely wavelength dependent. Coupled plasmons are important for 
SERS enhancements contributing to the overwhelming success of SERS under excita- 
tion in the red and near infrared regions that has been observed in many cases[4,100]. 
Well defined (broad) coupled plasmon peaks in silver colloids, produced through ag- 
gregation, have been studied previously[115] and are widely accepted to exist. 
The metal-analyte surface complex formed when the analyte is physi/chemisorbed 
is essentially a different molecule from the isolated molecule[16-11. The formation of 
the surface complex can lead to new vibrational and electronic levels within the mole- 
cule thus affecting the analyte's intrinsic absorption spectrum[7,10]. The interaction 
can be chemical, through the overlap of electronic states of the analyte with the metal, 
or simply electromagnetic [10]. 
Measurements performed on resonance can provide 2 to 3 orders of enhancement 
over non-resonant SERS measurements. This makes understanding and controlling 
the resonance profile of a sample important[168,1691. How the resonance profile of a 
particular substrate is measured is strongly dependent on the physical nature of the 
sample. Resonance profiles of samples in solution can be characterised relatively easilY 
using absorption spectra. A range of techniques exist for characterising the spectral 
response of fixed substrates such as Elipsometry and LSPR spectroscopy. 
However, 
these measurements are "global" in the sense that relatively few molecules 
dominate 
the SERS response of a sample whereas these measurements are average spectral 
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responses. SERRS has been shown to be quantitative [170] and has been specifically 
developed for biosensing[171,172] and for the detect, ion of infectious diseases[I 1-3] and 
DNA[174,175] with higher sensitivity than fluorescence [176]. 
3.4 Single Molecule Detection 
In 1997 two independent groups reported the observation of single molecules under 
SERS conditions (SM-SERS)[19,20]. Kneipp et al observed single molecules of cr , N-S- 
tal violet adsorbed onto silver colloids mixed with a small amount of NaCl to allow 
limited aggregation using non resonant excitation[19]. The aggregation caused by 
the NaCl led to the formation of small colloidal clusters with diameters of 100-150 
nm. The concentration was closely controlled to allow different molecule to colloid 
ratios. Measurements were made in solution allowing clusters to drift through the 
laser beam due to Brownian motion. 100 spectra were recorded and analysed for so- 
lutions prepared to have 6 and 0.6 molecules per colloid. At the higher concentration 
the signal was stable throughout the measurement and the distribution of intensities 
obtained was well approximated by a single Gaussian. The signal was found to fluc- 
tuate strongly in the solutions of lower concentration. Four maxima were observed in 
the distribution of intensities and the data was well approximated by the superposi- 
tion of four Gaussian curves with areas consistent with a Poisson distribution for an 
average of 0.5 molecules. The Gaussians correspond to the probability of finding 0, 
11 2 or 3 molecules in the scattering volume at any particular time. From these ob- 
servations, Kneipp et al concluded that the vast majority of molecules were adsorbed 
and observed. 
Nie and Emory observed SERRS from single molecules of Rhodamine 6G (RH6G) 
adsorbed on single unaggregated silver nanoparticles using 514 nm excltation[20]. 
High resolution atomic force microscopy (AFM) showed that "hot"' particles were 
between 110 and 120 nm in diameter with a wide variety of shapes. An analyte con- 
centration of less that 10-10 M was used for which most colloidal particles are expected 
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to have zero or one molecule according to a Poisson distribution. Single molecule de- 
tection was inferred from the polarisation behaviour of the detected signals which 
were characteristic of signals from single molecules rather than large numbers as Ný-ell 
as the observation of sudden spectral fluctuations. Contrary to the conclusions of 
Kneipp et al, Nie and Emory determined that the number of single molecule eveilts 
observed was limited by the small number of hotspots capable of producing sufficient 
enhancement. 
Enhancement factors of between 1014 and 1016 were inferred by both groups 
which were much larger than anything previously measured. Enhancements of these 
magnitudes suggest SERS cross-sections on the order of 10" cm' which is compa- 
rable to the cross-sections of the fluorescent tags. These observations stimulated a 
great deal of interest in SERS and single molecule detection has been achieved for 
many more molecules since. These include biologically important molecules such as 
DNA[177,178] and several proteins such as haemoglobin[179,180], green fluorescent 
protein (GFP)[181], and horseradish peroxidase[182]. However, these observations of 
SM-SERS were based on the reduction of the analyte concentration so that only a 
small number of molecules were present per colloid. Uncertainties with this approach 
arise due to the difficulties associated with accurately determining the concentration 
of both the colloid and analyte due to effects such as incomplete reaction, wall absorp- 
tion and dilution errors. Complications can also be found in the polarisation analysis 
of the signals from single molecules, as used by Nie and Emory[20], given that the 
polarisation selection rules can be significantly modified when the molecule is in close 
proximity to metal surfaces. It has also been argued that the statistical analysis 
performed by Kneipp et al did not include a sufficiently large sample to conclusively 
demonstrate a Poisson distribution of events[183]. 
These complications were recently overcome in a study Le Ru et al[183] who 
used relatively high concentrations of a mixture of two SERS active analytes. The 
concentration used resulted in an average of 500 molecules of each dye (RH6G and 
BZT) per colloid ensuring the presence of at least one molecule at each SERS active 
57 
site. Given these analyte concentrations the spectra should represent a combination of 
the spectra of each individual analyte in all measurements. Single molecule detection 
was confirmed with the observation of spectra originating from one analyte rather 
than a mixture of the spectra of the two. This technique is referred to as Bi-Anal , N-te 
SERS (BiASERS). All clusters were found to be active at this analyte concentration 
demonstrating that the "rarity" of "hot" particles from which SM SERS is observed is 
due to the low probability of a hotspot being occupied at low analyte concentrations 
rather than a true lack of hotspots. 
Signals are observed to fluctuate strongly at single molecular limits, the mech- 
anisms of which are still not fully understood [184]. Progress has been made in the 
understanding of such effects by detailed investigations of their dependence with ex- 
perimental conditions such as laser power, temperature, ion concentration for both 
dried and aqueous samples from which thermal and photo induced mechanisill. ", have 
been proposed[126,185,186]. 
These observations show that rather than being something that is relatively 
rare and unique, single molecule detection is actually quite common. Yet it was re- 
ported almost 25 years after the initial report of SERS. This can be partly explained 
by the lack of a reliable method for the determination of SERS cross-sections. Had 
it been possible to accurately measure the cross-sections of molecules under SERS 
conditions in the early years of SERS research, it would have been immediately obvi- 
ous that single molecule detection under SERS conditions was possible. We believe 
that this is a demonstration of the advantages a reliable and accurate method for the 
determination of SERS cross-sections would provide. 
3.5 Metrology 
In Fleischmann's earliest report on the enhancement of Raman signals of molecules 
adsorbed on to rough metallic electrodes the enhancement was incorrectly attributed 
to an increase in the surface area available for the absorption of molecules onto the 
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surface. In effect they attributed the effect to a concentrating of the anal ' vte. 
It was 
several years before the work by Van Duyne and Jeanmarie Nvas published showing 
that, the enhancement was far in excess of what, could be expected from the increase 
in surface area available. It can be argued that this initial misinterpretation was, 
the result of the lack of a correct and accurate metrological analysis of the results. 
Indeed such problems still exist today. In his concluding remarks of the FaradaY 
Discussions on SERS in 2005, Natan emphasised the need for standa, rdisation of 
characterisation techniques within the field[187]. One of the most commonly used 
methods for estimating the enhancement factor is the comparison of SERS signals 
with non-enhanced Raman signals for the same molecule[188]: 
EF = 
Nv,, 
-Is,,, f (3-3) 
Nsurf lVol' 
where Nv, l and Ns,,, f are the numbers of molecules probed in the Raman mea- 
surement on the liquid sample and on the SERS substrates respectively and I,,,, and 
Is,,, f are the normal Raman and SERS intensities. 
There are, however, significant limitations with this method. Most notable is 
the assumption that all the molecules probed within the SERS substrate contribute to 
the SERS signal equally. As section 3.4 discussed, hotspots make extremely important 
contributions to the measured SERS signals. Indeed, Kneipp and coworkers noted 
that the enhancement factors inferred from their results were much larger than previ- 
ous estimates precisely because previous estimates had made this assumption[l. 191. 
Difficulties also arise with many molecules for which non-SERS measurements are 
impossible to perform due to intrinsically low Raman cross-sections and interference 
from fluorescence. Given these issues the development of new characterisation tech- 
niques for SERS substrates is particularly important. 
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3.6 Substrates - Enhancement vs. Reproducibility 
As the understanding of SERS has improved and substrates with high degrees of 
reproducibility, tunable optical properties and in many cases improved enhancement 
characteristics have been developed. These include monodisperse colloids of various 
shapes and sizes, metallic nano-shells, arrays of silver pillars and toroids with well 
defined average properties, self assembled substrates, large scale regular arrays, Ag 
on Ti02 films[189] and many more. Clearly the choice of substrate for a particular 
application is an important one and no substrate is universally acceptable for all 
situations. The development of improved techniques for the measurement of SERS 
cross-sections would greatly benefit the comparison of different substrates. In this 
section we discuss colloids, metallic nanoshells and fixed substrates created using 
silver island lithography and nanosphere lithography. 
3.6.1 Colloids 
Colloids have a long history in SERS with a large percentage of the SERS studies 
carried out to date involving the use of silver colloids produced using the method 
developed by Lee and Meisel in 1982[190] or some variation[191]. This involves the 
reduction of AgN03with sodium citrate and is an extremely simple method. Colloids 
produced in this way typically have good SERS enhancements but are generally highly 
non-uniform and irreproducible. 
The non-uniform and irreproducible nature of the colloids produced using these 
methods has significant disadvantages for the understanding of such colloids and 
their application. Several improved strategies for the production of monodisperse 
colloids of different shapes and sizes have been 
developed such as laser ablation. 
the use of surfactants and flow systems[192]. Laser ablation allows excellent control 
of particle dimension and has been used to create solutions of 
highly monodisperse 
spherical colloids[193,194,195,196], nanodiscs[197], nanowires[198]. nanoprisms and 
nano-rods[199]. These processes generally result 
in colloids with very small aN-erage 
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diameters. Surfactants offer a purely chemical method for producing monodisper'ý(, 
colloidal suspensions of particles with precisely controlled shapes and sizes. These 
shapes include nanocubes[200,201]. bipyramids[202]. triangluar nanoprisms. cirular 
disks, nanorods and nanowires. 
Colloids are mass produced easily, dissolvable in aqueous[190] and nona(lueous[2()3] 
solutions and amenable to functionalisation with a wide variety of chemicals mak- 
ing them ideal for biological markers similar to fluorescent tags. Raman has many 
advantages over fluorescent tags because of the sharp spectral features as well as 
wavelength independent excitation and several tagging strategies have been devel- 
oped. The simplest of these would be silver or gold colloids functionalised directly 
with both a Raman active molecules and a molecule that specifically targets a mole- 
cule of interest[204]. Such SERS tags have been encapsulated with glass using both 
nonresonant[205] and resonant[206] molecules to improve stability, separat, e the Ra- 
man and target chemistries and improve signal quality. Similar particles have been 
created by embedding small aggregates of colloids tagged with resonant reporters 
within polymers offering increased enhancements over single colloids[207,208]. These 
tags are typically quite large in size which may interfere with the target chemistry. 
One technique pioneered by Mirkin et al that overcomes this is the use of nanogold 
tags which are extremely small gold colloids[209]. These are small enough so as to 
not interfer with molecular processes and act as seeds for silver deposition after the 
binding has occurred. This technique has been demonstrated as an effective means 
of detection for DNA and proteins[209,210]. 
3.6.2 Nano-shells 
A metallic nanoshell consists of a dielectric core surrounded by a thin metallic shell, 
a concept first investigated by Zhou et al[211]. The optical properties of the par- 
ticles are strongly dependent on the relative sizes of the core and shell 
due to the 
quantum confinement of the electrons within the metallic shell. 
Halas and co-worker. s 
have extended metallic nanoshells from gold coated AU2S[212] to gold coated silica 
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particles[3] through a. combination of molecular self-assembly and reduction chein- 
istry. This technique allows the relative sizes of the core and shell, and lience the 
optical properties, to be precisely controlled [2131. Nanoshells have also been grown 
over silica "nanorice" allowing resonances to be even more closely controlled [214]. 
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Fig-Lire 3.2: (a) Optical resonances of silica nanoparticle surrounded in a gold shell 
theoretically determined using Mie theory for a range of core radius/shell thickness 
ratios. (b) Calculated optical resonance maximum wavelength plotted against core 
radius/shell thickness ratio. Figure from reference [3]. (c) Energy level diagram 
showing plasmon hybridisation resulting in plasmon coupling creating antibonding 
ýu+ and bonding Lu- plasmon modes. Figure from reference [4]. 
The understanding of the optical and electronic properties of the metallic nanoshells 
has been developed using the time dependent local density approximation (TDLDA) [215] 
and exact classical Mie scattering theory[216]. These studies have shown that the cou- 
pling between the polarisation charges at the inner and outer surfaces of the nanosliell 
determines the position of the plasmon resonances [2171. Thus the plasmon resonances 
at the two nanoshell surfaces can be controlled using the ratio of shell thickness to 
particle radius[218]. Figures 3.2a and b shows how the absorption maximum, calcu- 
lated using Mie scattering theory, is dependent on the ratio of the core diameter to the 
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shell thickness. The resonance can be varied over a wide range of frequencies making 
nanoshells attractive for a number of important applications [2191. If the structure is 
inverted with a metal core covered in a silica shell of variable thickness, the range in 
resonance shift is reduced to less than 20nm. 
These calculations led to the development of a new conceptual approach to 
the understanding of plasmon response in complex nanostructures which is similar 
to molecular orbital theory known as "plasmon hybridisation*'[4]. In any metallic 
nanostructure the plasmons are highly dependent on geometry. The plasmon response 
for such structures can be thought of as an interaction between plasmons that are 
essentially at a fixed frequency. When two or more plasmons interact they can be 
viewed as splitting into a lower energy symmetric plasmon and the higher energy ant 1- 
symmetric plasmon. These are referred to as "bonding" and "anti-bonding" states 
respectively, analogous to molecular orbits. Figure 3.2c shows an energy level diagram 
resulting from the hybridisation of the plasmons on the inner and outer surfaces of a 
metallic nanoshell. The technique has been applied to concentric single nanoshells[4], 
multiple nanoshells[220,221], nonconcentric shells[222] and metallic dimers[116]. 
Nanoshells have been used to investigate the SERS enhancement by comparing 
experiment with theory with excellent agreement indicating that the EM mecha- 
nism is dominant[223]. Effective SERS enhancements of 10' have been measured for 
these structures. Nanoshells have been developed as nanoscopic pH sensors using 
SERS[157]. 
3.6.3 Silver island lithography 
Reproducible and uniform fixed silver structures on silicon wafers can be produced 
using silver island lithography[5,9,224,225]. They are formed using a nano fabri- 
cation process initially developed for the formation of n+ gallium arsenide (GaAs) 
pillars[224]. This was extended to the production of various silver structures such as 
pillars, toroids and rings of thorns, examples of which are shown in figure 3.3 (Left). 
63 
The size and packing density of the silver features is highly controllable and uniform 
over large areas. Fabricated structures share the same height and have an averao-e tD b 
diameter which varies by only fifteen percent over the surface. 
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Figure 3.3: (Left) High resolutions SEM images of two different substrates with differ- 
ent structures. (Right) SERS of low concentration ss-DNA adsorbed on silver pillars. 
Spectra were taken at 3 micron intervals across the surface revealing a remarkable 
stability in signal over large areas. Figure from reference [5]. 
SERS from pyridine using 633 nm laser excitation was first reported using these 
substrates in 2003[5]. SERS signals were found to be uniform over large areas for 
both saturation concentrations and for fractional monolayer coverage indicating large 
SERS active sites compared to the size of the molecule. SERS enhancement factors 
of 1.9 X 106 and 2.5 x 107 were measured for silver pillars and toroids respectively. 
The robustness of the samples, good SERS enhancements and their reproducibil- 
ity makes them good candidates for analytical applications such as label free DNA 
sequence analysis[226]. Further char act eris ation of the surfaces SERS enhancement 
was made using pyridine, Rhodamine 6G and single stranded DNA (ss-DNA)[9]. Op- 
timised substrates demonstrated an enhancement factor of 10' for the non-resonant 
molecules with only 5 percent variation in signal intensity over the surface as shown 
by figure 3.3 (Right). 
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3.6.4 Nanosphere Lithography 
Nanosphere lithography is an inexpensive nanofabrication technique capable of pro- 
ducing well ordered 2D periodic arrays of nano-particles over relatively large areas[227. 
228,229,230]. This approach has significant advantages over standard lithographý 
techniques and has been significantly developed in recent years by Van DuYne and 
co-workers[6,231,232]. 
Colloidal Crystal Mask 
(B) 
C 
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pz 
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Figure 3A (A) Schematic representation of the dielectric nano-sphere mask, (13) 
AFM image of typical metallic features and (C) LSP spectra for different nanopartic, le 
shapes and sizes[6]. 
Nanosphere lithography masks are formed by drop coating or spin coating 
polystyrene nano-spheres onto a substrate. As the solvent dries the nano-spheres 
self assemble into a monolayer forming a mask as is shown schematically in figure 
3.4(A). Masks typically cover 0.25-1. Ocm 2 and are highly reproducible. Ag is vapour 
deposited on to the substrate through the nanosphere mask forming triangular par- 
ticles on partial filling as shown in figure 3.4(B). The diameter, height and shape of 
the Ag nano-particles can be precisely controlled[231] allowing the wavelength ex- 
tinction maximum of the localised surface plasmon (LSP) to be tuned over a wide 
range as shown in figure 3.4(C)[232]. The LSP has also been found to be highly 
sensitive to the local chemical environment, [6]. This approach typically suffers from 
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low surface coverage which can be overcome by evaporating a full film. although the 
control of the plasmon resonances isn't as precise. After deposition the polYstyrene 
nano-spheres can be removed from the surface by dissolving them with a suitable 
solvent. The structures formed through the partial deposition are particularlY useful 
for investigating the role of the LSP in SERS. Such structures have been found to be 
strongly enhancing with enhancement factors of up to 107_108 for benzenethiol[233] 
and factors of the order of 107 for Rhodamine 6G[234]. 
3.7 Optical Pumping Under SERS conditions 
Kneipp and co-workers were the first to report evidence of optical pumping of vibra- 
tional modes under SERS conditions in 1996[l]. This ground breaking work involved 
power dependent studies of the aS/S ratio (p) of rhodamine 6G (RH6G) and crystal 
violet (CV) under SERS conditions using 830 nm excitation at room temperature. 
The argument for pumping was primarily based on three observations: (0 the aS/S- 
ratios for the vibrational modes of several molecules were shown to be larger than 
what would be expected for a Boltzmann factor at high laser intensities consistent 
with optical pumping, (ii) the power dependence of the intensity of the anti-Stokes 
(-[,, s) modes was observed to be quadratic at room temperature, and (lit) the Stokes 
modes were observed to redshift towards the laser consistent with the higher levels of 
the vibrational modes being populated. The observation of a non-linear dependence of 
I,, s with power, which results in a linear dependence in the aS/S-ratio, was claimed to 
provide strong evidence for vibrational pumping in SERS[I]. Further measurements 
on adenine[177] and carbon nanotubes[2351 supported these initial results. However. 
these observations generated much controversy in the literature and alternative ex- 
planations of the data were provided[7,8,236,237]. The interest in SERS pumping 
is not only for the fundamental aspects of non-linear optics, but also its potential use 
in metrology. Providing definitive proof of optical pumping under SERS conditions 
is central to the current thesis and so in the following sections ýve provide a descrip- 
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tion of optical pumping and give a detailed account of previous work highlighting the 
opposing views. 
3.7.1 Optical Pumping and the ant i- Stokes/ Stokes ratio 
There are two distinct contributions to the fractional population, n, of a single N-ibra- 
tional level at temperature T during a SERS measurement: (Z) the laser itself which 
pumps vibrations through Raman processes with a rate proportional to its intensity 
JL) and to the Raman-Stokes cross section (us), and (Zi) thermal excitation. Vi- 
brations remain in the level with a finite lifetime, T, which encompasses all possible 
relaxation mechanisms - such as intramolecular vibrational relaxation IVR (anhar- 
monic processes) or external relaxation mechanisms. Secondary mechanisms, such as 
relaxation through an anti-Stokes Raman process, or excitation to higher vibrational 
levels make a very small contribution. In the case of weak pumping kN, here the vibra- 
tional population remains small, n<1, these can be ignored and the rate equation 
for n is written as: 
dn oSIL + exp(-hw, 
IkBT) n 
dt hWL TT 
(3.4) 
where os is the Raman-Stokes cross section, IL is the intensity (power per unit 
area) of the laser, r&4)L is the energy of an exciting photon (nL lLlhj4)L is the number 
of incident photons per unit time and area), and hw, is the energy of the vibration. 
The first term on the right is the number of vibrations per unit time being pumped 
into the level by the action of the laser, while the second and third terms are the 
contributions of thermal excitation and population relaxation, respectively. In the 
steady state dn/dt = 0. Generally, o7s is very small, so when IL is small the pumping 
contribution is negligible and the vibrational population is dominated by thermal 
effects and n -- exp(-hiu, 1kBT). When IL is increased to a 
level such that pumping 
makes a significant contribution to the population of the level, n becomes: 
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n= 
TOISIL 
+ e-hw-IkBT (3.5) ýWL 
where the pumping term is clearly distinguished from the thermal contribution. 
For an ensemble of N molecules, the Stokes and the anti-Stokes intensities are 
given by Is = NuSIL and 1,, s = nNo,, SIL respectively. Taking the ratio, p. of the 
anti-Stokes to the Stokes intensities gives: 
laS ý7aS 
Is = -n 
An, 
07S 
(3.6) 
where A is the asymmetry factor which arises from the resonance effects dis- 
cussed in section 3.3. A includes not only any possible difference between anti-Stokes 
and Stokes cross sections arising from resonance effects, but also the standard wave- 
length dependence of Raman processes A, = (WL + Wv)41 (WL _ Wv)4 discussed in 
section 2.8. Substituting equation 3.5 into 3.6 gives: 
A[Tý7S'L + C-hw, 
IkBT (3-7) 
To make this completely general, any possible heating of the analyte above the 
bath temperature T arising from the laser itself must be included. This is achieved 
by replacing T by To + AT where To is the bath temperature and AT is the increase 
in analyte temperature due to the laser: 
P= A[7-'7S'L + -hw, 
IkB(T+AT) (3.8) 
hWL 
I 
3.7.2 The Evidence for Optical Pumping - Power Depen- 
dences 
The original experiments by Kneipp et al. were made using crystal violet, (CV) and 
rhodamine 6G (RH6G) adsorbed onto silver colloids in solution with 830 nm laser 
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excitation[l]. It was assumed that these measurements were made under non-resonant 
conditions since the excitation wavelength was relatively far from the absorption max- 
ima of either dye, 590 nm and 528 nm for CV and RH6G respectively. as well as the 
plasmon absorption of silver at approximately 300nm. Hence it was assumed that 
both the asymmetry factor A and laser heating could be ignored. Under these condi- 
tions the population of the vibrational modes is simply dependent on the contributions 
from thermal excitation related to the ambient temperature and pumping as given 
by equation 3.5: 
7-07SIL 
-hw, IkBT n-+e hWL 
Measurements performed under these conditions would be expected to have a 
Stokes intensity, Is, which is linearly dependent with power. The anti-Stokes signal, 
1,, S, would also be linearly dependent with power if pumping is negligible. However, 
if pumping exists then 1,, s will vary quadratically with power while the aS/S-ratio 
will be linearly dependent on IL. It is also expected that a modal dependence will 
be observed due to the hw, factor in the thermal contributions. This means that the 
thermal contribution to the vibrational population of higher energy modes will be 
smaller than for lower energy modes. As a result any contribution from pumping in 
these modes will represent a larger change in the population and will have a greater 
effect. 
In this initial work, the aS/S ratio of each mode of CV and RH6G was normalised 
against a aS/S ratio measured under normal Raman scattering conditions for the 
same experimental conditions. The purpose of this normalisation was to remove any 
possible errors arising due to the response of the system and was defined as: 
K(v, ) 
JSýýRS ISSERS 
aS (3-9) 
IRý(V )IIRS(V )' 
aS Msm 
Normal Raman signals from CV and RH6G are very difficult to measure due to 
the small cross-sections and strong fluorescence. Because of this ant 1- Stokes/ Stokes 
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Figure 3.5: (Crosses) Normalised ratios, K(v, ), as measured for CV (a) and RH6G 
(b) against Raman shift for 150 mW excitation at 830 nm. Curve A represents the 
K(v,, ) expected for the anti-Stokes and Stokes electromagnetic SERS enhancement 
factors, curve B represents the K(v, ) expected for a small increase in sample temper- 
ature to 330K and curve C represents the K(v, ) expected under pumping conditions. 
Figure reproduced from reference [1]. 
ratios were obtained from benzene under non-SERS conditions. Because the modes of 
benzene are not exactly the same as those of CV and RH6G, the ratio values for the 
modes of these molecules were extrapolated from the benzene data. Hence, K(V, ) 
is a direct measure of the deviation of the vibrational population of the mode under 
investigation from what would be expected for a Boltzmann population. 
Figure 3.5 shows experimental (crosses) and theoretical (curves) values of K(v, ) 
for both (a) CV and (b) RH6G for 150 mW excitation. Curve A represents values of 
K(v, ) that may be expected due to differences in electromagnetic enhancement for 
the anti-Stokes and Stokes modes, curve B represents the effect of a 30 K heating 
of the molecule and curve C represents the effect of pumping. The observed mode 
dependence of the normalised experimental ratios was taken as good evidence for the 
existence of pumping given the good agreement with the theoretical model for the 
higher energy modes. The discrepancies observed for the lower energy modes were 
attributed to differences in the vibrational lifetimes and cross-sections between the 
modes. 
The power dependence measurements of Ls and Is for the 1174 cm-1 mode 
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of CV are shown in figure 3.6 (Left). Is is clearly linearly dependent with power 
whilst the JS is non-linear as would be expected for a measurement in the presence 
of vibrational pumping. It was stated by Kneipp and coworkers that such power 
dependences could be obtained for all modes of both molecules[l]. 
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Figure 3.6: (Left) Power dependence measurements of the 1174 cm-1 mode of CV. 
(Right) Stokes (A) and anti-Stokes (C) spectra of CV for low intensity 830 nm exci- 
tation. Intensity normalised difference spectra between the high and low excitation 
spectra of the Stokes (B) and anti-Stokes (D). Figure reproduced from reference [1]. 
The final piece of evidence presented in favour of vibrational pumping was based 
on the assumption that pumping significantly increases the population of the first 
excited vibrational state. This would allow for the observation of Stokes scattering 
from the first to the second excited states as well as the more typical scattering 
from the groundstate to the first excited state. Given the anharmonic nature of the 
potentials of the vibrational states (as discussed in section 2.1) photons scattered from 
this transition will be of a lower energy than those scattered from the groundstate. 
This will result in a slight softening of the Stokes vibrational mode. No shift in energy 
is expected for the anti-Stokes modes under weak vibrational pumping as the V= 
2 level will not be significantly populated. Figure 3.6 (Right) shows Stokes (A) and 
anti-Stokes (C) spectra for CV at low excitations and intensity normalised difference 
spectra between the high and low excitation Stokes (B) and anti-Stokes (D). There 
is a clear softening of the Stokes modes of between 3 and 6 cm-' for the high power 
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measurements in comparisons to the low power. The anti-Stokes modes are in exactlY 
the same position for both the high and low power measurements. These observations 
are consistent with weak pumping. 
From these results the cross-section of the vibrational modes under SERS condi- 
tions was estimated to be on the order of 10" cm' by assuming, without justification. 
a vibrational lifetime of 10 ps. This suggested an enhancement factor which exceeded 
all previous estimates. It was argued that this was a result of the number of molecules 
contributing to the SERS process being far fewer than the total molecules present 
in the measurement volume. If the cross-section were averaged over the entire pop- 
ulation of molecules, as in other methods, the enhancement would be comparable to 
previous estimates. 
Further evidence was provided by Kneipp et al in measurements made on the 
DNA base adenine[177] and by Teredesai et al for semiconducting carbon nanotubes 
adsorbed on rough silver foils[235]. The cross-section of the radial breathing mode of 
the carbon nanotubes was estimated from the results to be 10-14 CM2 by estimating 
the lifetime of the vibrational modes to be 10 ps, again without justification. 
3.7.3 The Evidence Against 
The reports of optical pumping generated much controversy within the literature with 
various counterviews on the existence of SERS pumping being proposed. Haslett et 
al[7] were the first to seriously question the existence of vibrational pumping. Exten- 
sive measurements were made with a number of both resonant, CV and RH6G, and 
non-resonant, benzoic acid, phthalazine, pyridine and nitropyridine, molecules under 
the same experimental conditions as Kneipp et al[l]. Howeven Ias and Is were ob- 
served to increase linearly with power until photodecompostion occurred for all modes 
of all the analytes investigated. Power independent anomalous ratios were observed 
for all modes of the resonant molecules whilst no anomalous ratio was observed for 
measurements on any of these non-resonant molecules. Figure 3.7A shows a power 
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dependent measurement of the normalised ratio, K, of the 1180 cm-1 mode of CY 
taken using 780 excitation. This clearly shows that the ratio is anomalous throughout 
the range of powers investigated and is independent of incident power. Figure 3.7B 
shows the normalised ratios for a single mode of several non-resonant molecules as 
measured using the 780 nm excitation. K was found to be close to one for all of these 
molecules and independent of incident power. 
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Figure 3.7: Power dependences of anti-Stokes and Stokes ratios for the 1180 cm-1 
mode of the resonant molecule CV and for individual modes of several non-resonant 
molecules. Figure reproduced from reference[7] 
The observation of power independent anomalous ratios for resonant molecules 
and non-anomalous ratios for non-resonant molecules led to the conclusion that the 
observed anomalous ratios were due to resonance effects. Given that the anomalous 
ratios were observed far from resonance with either the analyte or the surface plas- 
mon, it was clear that the resonance must originate from some "hidden" resonance 
characteristic of the molecules interaction with the metal. Similar measurements 
carried out by Brolo et al supported these conclusions[8]. 
Brolo and co-workers also showed explicitly how the presence of a resonance 
could produce an anomalous ratio by expanding the expression for the value of K to 
include the effects of resonances and temperature effects[8]: 
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(3.10) 
where 1, ýL, V,, v' and v, are the energies of the laser excitation, vibration under V 
SERS conditions, vibration under Raman scattering conditions and the electronic 
transition of the resonance respectively. SERS and RS subscripts refer to SERS and 
Raman scattering conditions. T is the temperature, k is the Boltzmann constant and 
F is a damping term related to the half-width of the electronic band of the complex. 
Figure 3.8(A) shows a schematic dependence of the normalised aS/S ratio in the 
presence of a resonance calculated using equation 3.10 with V, = 133300 cm-1 and F 
= 1600 cm-1. Typical laser wavelengths used for many experiments are indicated by 
arrows. This clearly shows that a power independent anomalous ratio will be observed 
due to resonances. Localised heating of the substrate due to laser action will lead to 
a power dependent K. Figure 3.8(B) shows the dependence of K for several values of 
heating for the different modes. Given resonant conditions, the non-linear dependence 
of K observed with power could easily be explained due to localised heating of the 
sample. 
Moskovits et al also cast serious doubts on the claimed order of magnitude of the 
enhancements [2381. They argued that there is no known physical mechanism capable 
of achieving the 1014_1015 enhancement claimed in many reports. Furthermore, that 
it would imply electric field intensities that would completely destroy the chemical 
identity of the SERS probes. 
3.7.4 Pumping and Hotspots 
At the time of the initial report of optical pumping under SERS conditions, the 
cross-sections extracted from the measurements were anomalously high compared 
with previous estimates[l]. There is now considerable evidence for the existence of 
relatively rare locations of extremely high enhancement referred to as --hotspots". 
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Figure 3.8: (A) Schematic dependence of normalised ratio K in the presence of a 
resonance calculated using equation 3.10 with v, = 133300 cm-' and F= 1600 cm-'. 
Typical laser wavelengths are indicated. (B) Mode dependence of localised heating 
as calculated using equation 3.10 for several different temperature increases with a 
800 nm excitation, an electronic band at 14400 cm-1 and a damping factor of 1000 
cm-1. Figure reproduced from reference[8] 
Such hotspots provide several orders of magnitude more enhancement than average 
locations on the substrate and so are likely to dominate SERS measurements. This is 
particularly true for the measurements of aS/S ratios under pumping dominated con- 
ditions due to the quadratic dependence of IS with IL. A detailed statistical analysis 
performed by Dr Eric Le Ru demonstrated that the cross-sections obtained from a 
measurement under pumping dominated conditions are heavily biased towards such 
sites. The essential details are reproduced here to illustrate the fact that the cross- 
sections obtained from the previous measurements and the measurements presented 
in this work are realistic. 
Consider the contribution of each molecule in a population of molecules adsorbed 
on a SERS substrate to the measured ratio. Each molecule can be expected to ha-ýTe 
a different effective SERS cross-section which will be a product of the molecules 
intrinsic cross-section and the SERS enhancement. NNe will assume for simplicity 
that or,, S = ors and hence A=1. Therefore the cross-sections involved in equation 3. t- 
are really an ensemble average over the probed population, (as), which can be shown 
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explicitly as: 
IaSIIS = 
(07S2) 
TIL+ e- 
hw, IkBT 
ýUS) hý-OL 
Our pumping measurements extract, the ensemble average of the Stokes cross- 
section or 
E 
S 
01 
ýorsý * 
The variation in the cross-sections is due to the large differences in SERS en- 
(3-11) 
(3.12) 
hancements which typically may be 10' - 10' larger at hot-spots than in other places. 
If the distribution of as's were Gaussian around an average value with a small stan- 
E dard deviation then as would be a slight overestimation of the average of the distrib- 
ution. However, a more realistic distribution would have a small number of molecules 
at a hot-spot (HS), and a large number of molecules at non-HS (NHS) positions. 
Considering a distribution of 1000 molecules with one molecule at a HS which is a 
few orders of magnitude more enhanced than the 999 other molecules gives: 
E 
as 
1/1000 (I(OHS)2 + 999(07NHS ss 
)2) 
(3-13) 
1/1000 (1(07HS) + 999(07NHS ss 
)) 
The numerator is easily dominated by the HS as a result of the square whereas 
the effect on the denominator is less clear. This depends on how much stronger the 
HS is and how many molecules are at NHS positions. However, the denominator is 
likely to be also dominated by the HS, perhaps being slightly larger if the second 
E HS 
contribution is not negligible. Hence, as as or slightly smaller depending on the 
precise number of NHS molecules. A more quantitative argument requires the true 
distribut, ion SERS enhancements for a particular substrate to be known, but quali- 
tatively we can conclude that pumping experiments provide a good lower estimate of 
the cross-section of the few molecules located at locations of highest enhancement. 
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3.7.5 Pumping and Photobleaching 
The dominance of hotspots discussed in the previous section has important implica- 
tions for the effect of photo-decomposition of molecules during an experiment. Photo- 
chemical reactions, including photo-decomposition, are enhanced by electromagnetic 
fields[1581. Hence, molecules located at hotspots will decompose at a faster rate than 
the average which will strongly affect the measured cross section. Indeed, the studY 
of p and Is under photo-bleaching conditions can in principle tell us something about 
this distribution. However, in the first instance photo-bleaching can over complicate 
the analysis, produce experimental artefacts, and even determine the result obtained 
from a specific experiment. This is added to experimental complications such as the 
non simultaneous measurement of the anti-Stokes and Stokes intensities in high dis- 
persion spectrometers resulting in different exposures to the laser. By choosing a 
certain power level we are, in a way, selecting the population of HS's that we are 
going to measure. To avoid this larger laser spots with low power densities, short 
integration times, and non-resonant laser excitation, are in general preferable for a 
more reliable estimate of SERS cross sections. 
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Chapter 4 
Experimental 
Details of sample preparation and the experimental methods used M thzs work are 
outlined in this chapter. The varZous SERS achve substrates and analytes used along 
with their characteHsation are described. The experMental equTment and methods 
for obtaining the Raman data are summarised and the analysis of the obtained data 
is discussed. 
4.1 SERS substrates 
SERS measurements have been performed using several different substrates. These 
include gold and silver colloids both in aqueous solution and dried as well as fixed silver 
substrates of various geometries. Gold colloids of 20 nm diameter were purchased from 
Sigma. 
SERS active silver (Ag) colloids were prepared using the technique developed 
by Lee and Meisel[190]. This involves the reduction of AgN03with sodium citrate. 
All chemicals were purchased from Sigma. 90 mg of AgN03 is dissolved in 500 ml of 
H20 and brought to the boil. A 10 ml solution of I percent sodium citrate is then 
added and the resulting solution is boiled for approximately one hour. The particle 
concentration of the colloids is estimated to be -, 1012 colloids/CM3 . 
The resulting ýD 
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Figure 4.1: Absorption spectra of silver and gold colloids investigated. Absorption 
peaks correspond to single particle plasmon energies. 
colloidal suspension is brown-yellow in appearance with an absorption maximum at 
420 nin as shown in figure 4.1. The colloidal solution is stable for several months at 
4-5 'C. 
The fixed Ag surfaces of toroids and pillars were provided by Professor Nlino 
Green. These were prepared using island lithography combined with electroless plat, - 
ing, as reported previously[5,9]. Toroids have been reported to have larger enhance- 
ment factors compared to pillars under similar experimental conditions, as estimated 
from adsorption isotherms and a comparison of Is and IR for known concentrations 
and surface areas. A detailed discussion on these substrates and their performance 
in SERS can be found elsewhere[5,9]. 
4.2 Analytes 
During the course of this work several resonant and non-resonant molecules have been 
-used. The resonant molecules investigated include Rhodamine 6G (RH6G), Alexa 
Flour 488 (AF488, Molecular Probes), crystal violet (CV), 4-(Y-azobenzotriazolyl) 
naphthalen- I-ylamine (BZT, produced by NZ) [239,240], and 3.3-diet, hN-loxadicarbocNaiiiiie 
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(DODC). Figure 4.2 shows the typical SERS and absorption spectra of the analytes. 
Although the majority of this work has been carried out on resonant molecules. 
several non-resonant molecules have also been investigated. These include pyridine, 
dithiothreitol (DTT), benzenethiol and adenine. Figure 4.3 shows typical SERS spec- 
tra for these pyridine and DTT. 
4.3 Sample characterisation 
Samples have been characterised using scanning electron microscopy (SEM), dynamic 
light scattering (DLS) and absorption spectra. These techniques allow the geometrical 
and optical characteristics of the SERS active components to be directly determined. 
The techniques and results are described in this section. 
4.3.1 Dynamic light scattering (DLS) 
Dynamic light scattering (DLS) experiments have been performed on aqueous silver 
colloids using a Malvern particle size analyser equipped with a digital auto-correlator 
and a 50 mW solid-state green (A =532 nm) diode laser. This analyser can discrimi- 
nate between particles with diameters in the range from 20 nm and 3 Pm. Particles 
move through a solution by diffusion. Light passing through the solution is scattered 
by the particles. The larger the particles are the slower they move through the solu- 
tion and the greater the correlation in scattering will be. An average auto correlation 
function can be measured for a sample and the average particle size estimated. 
Careful optimisation of the colloidal concentration is required to minimise the 
effects of absorption, fluorescence, and density of the colloidal particles. If the con- 
centration is too high the light will undergo multiple scattering in the sample before 
reaching the detector resulting in a particle size smaller than the real value. 
Analysis was performed using Excel by fitting the experimental data to the 
auto-correlation function, given by: 
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Figure 4.2: Absorption (left) and typical SERS spectra (right) as measured using a 
633 nm laser and silver colloids of the resonant analytes RH6G, AF488. CV. BZT 
and DODC. 
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Figure 4.3: SERS spectra of the non-resonant molecules pyridine and DTT taken 
using silver colloids and the 633 nm laser. The 520 cm-1 observed in the pyridine 
spectrum belongs to the Si substrate. 
i Ae- ,+B, (4.1) 
where G, is the correlation, T is the time at which the measurement was taken, 
T is the average time spent in the scattering volume by the particle, and A and B 
are constants. This equation was fitted to the experimental data by eye through the 
modification ofT, A and B. The mean radius of the particles present in the solution 
was then calculated using: 
R 4.6 1 
where 0 is the angle at which the measurement was made. 
(4.2) 
Several measurements were performed on Ag colloid without any KCI giving a 
mean radius of 29 ±I nm with a standard deviation of 2 nm. Two measurements 
were made on Ag colloidal after the addition of 20 inNI KCI was added. The first 
measurement was made as soon as the KC1 was added and gave a mean size of 76 ± 
2 0/2 xT 
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nm with a standard deviation of 9 nm. The second measurement was made on 
the sample a few hours after the addition of the KCI. The particle size obtained from 
this measurement, was 143 ±9 nm with a standard deviation of 21 mn. 
If we assume that the colloidal solution consisted of only single colloids prior to 
the addition of KCI, we can deduce that clusters of 4 or 5 colloids dominate once KCI 
has been added. We can then calculate exactly how many colloids we would expect 
in the scattering volume at any given time in a measurement and consequently how 
often we expect a signal to be observed. This will be discussed further in section 4.7. 
4.3.2 Scanning electron microscopy (SEM) 
SEXI measurements were carried out on the silver colloids by Dr Richard Tilley. 
The best imaging results were obtained from samples which were prepared by drying 
colloids directly onto metal stubs. A typical image from one of the samples is shown 
in figure 4.4A. This shows that there are a number of differently shaped colloids in our 
samples resulting from the uncontrolled nature of the chemical reaction that, forms 
them. It was found that the average colloid size was a diameter of approximately 60 
nm which is in good agreement with the DSL measurements. 
Figures 4AB and C show SEM images of the silver toroidal and pillar substrates 
respectively taken by Dr Feng Ming Lui. These show the t, oroids to have a major 
diameter of approximately 300 nm and the pillars to have a diameter of approximately 
100 nm. 
4.4 Sample preparation 
Although slight variations in sample preparation were made for each particular ex- 
periment, a general procedure was followed. This procedure is described here and the 
details for specific measurements will be described in the results section. 
83 
A B 
pm 
C 
Figure 4.4: High resolution SEXI image of Ag colloids (A), silver toroids (B) and 
silver pillars (C). The average silver colloid size is found to be approximately 60 nm 
which is in good agreement with the DLS measurements. The SENI image also gives 
an indication of the wide range of shape the Ag particles form during production with 
many rods and irregularly shaped spheres observed. The scale bar is applicable to all 
images. 
The majority of measurements using the silver colloids were performed using 
neat colloidal solution. In some cases the colloidal solution was concentrated by cell- 
trifugation to remove excess liquid immediately before use enabling a tenfold increase 
in concentration. This concentration process increases the presence of hot-spots and 
reduces the integration times required. It was not carried out for all measurements 
as it also reduces the stability of the colloids. 
Regardless of whether the colloids were concentrated or not, SERS active sam- 
ples were prepared by mixing typically 20 mM KCI and a solution of the particular 
analyte with the colloids in the ratio 1: 1: 2, respectively. The final concentration of 
the analyte used was dependent on the specific experiment. Generally the resulting 
solution had a KCI concentration of 5 mXI and an analyte concentration of 2.5 x 
10-' M. Although samples of varying KCI concentrat, ions were investigated, 5 mM 
was most commonly used to maximise the stability of the samples. Samples using 
the gold colloid were prepared in a similar way. 
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Samples using the fixed silver pillar and t, oroid substrates were not as limited 
by stability issues and a much higher concentration of activating agent could be used. 
These substrates were prepared by immersion in a 1: 1 solution of analyte and 50 niM 
KCL The substrate was then allowed to stand for 15 minutes before measurements 
were made to allow adsorption of the analyte onto the silver. Measurements were 
carried out on the fixed surfaces immediately after they had been dried. 
4.5 The Raman microscope 
Raman measurements made at Imperial College have been performed using a Ren- 
ishaw 2000 CCD spectrometer equipped with an Olympus BH-2 confocal microscope. 
Measurements made at Victoria University in New Zealand were made in solution 
only using a Jobin-Yvon LabRam system coupled to an Olympus BX41 confocal mi- 
croscope, equipped with an achromatic x100 immersion objective index-matched to 
water. Both systems are based on similar principles so we concentrate on the descrip- 
tion of the Renishaw system. Figure 4.5 gives a generic overview of the system. 
The system is equipped with (1) a Argon ion (Ar+) laser at 488 nm, (iz) a Ar+ 
laser at 514 nm, (tit) a 633 nm Helium-Neon (HeNe) laser, (iv) a near-infra-red (NIR) 
diode laser at 780 nm, and (v) a NIR diode laser at 830 nm. Only the 514 nm Ar+ 
and the 633 nm HeNe have been used during this work due to restrictions on the 
observation of anti-Stokes scattering with the other lasers. The lasers are situated 
behind the spectrometer on a fixed plate. Appropriate plasma filters are situated in 
front of the gas lasers to remove unwanted plasma lines. The light from the lasers 
is directed into the spectrometer through a system of mirrors which are placed on 
movable mounts. Using these mounts it is possible to quickly change the laser with a 
high degree of accuracy. The lasers are aligned along the same optical path allowing 
different lasers to be focused on the same point, with ease. All other components that 
require modificat, ion during the switching of the lasers are mounted on motorised 
kinematic mounts which can be adjusted using the software. The system normally 
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Figure 4.5: Schematic layout of the Renishaw 2000 CCD Raman spectrometer with 
Olympus BH-2 confocal microscope. Adapted from the Renishaw manual. 
includes an expander which expands the laser beam to improve the focusing. The 
disadvantage of the expander is the loss of about fifty percent of the lasers energy. 
For this reason, the expander is removed for the measurements presented here. 
Light is focused onto the sample using the Olympus BH-2 confocal microscope. 
The microscope is equipped with a white light source and a video screen to allow 
the sample's surface to be brought into focus. There is a selection of objectives 
available for the microscope which enables us to make Raman measurements in a wide 
variety of samples. These include x20, x50 and xIO0 high numerical aperture short 
working distance objectives, x5, x20 and x50 long working distance objectives and a 
x60 immersion objective index matched to water. Long working distance objectn-es 
allow Raman measurements to be made on samples placed in the teniperature stage. 
These objectives have a lower numerical aperture than most of the others and for 
this reason an objective with as short a working distance as possible is generallý- 
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used. The immersion lens is brought into direct contact with aqueous samples to 
make measurements. The x5 produces a spot of approximately 20/-tm in diameter. 
The spot size obtained using the other objectives can be estimated from this through 
scaling. Most commonly we use either x50 near working distance objective for drY 
samples or the immersion lens. 
Raman scattered light is collected by the microscope objective and travels back 
along the same optical path by which the laser is delivered. The holographic notch 
filter rejects Rayleigh scattered light and directs the Raman scattered light through 
the entrance slit to the spectrograph. The diffraction grating disperses the light 
which is then detected by the charge coupled device (CCD) array detector which is 
t hermo- electrically cooled. The CCD is extremely sensitive but can not be damaged 
by optical overload. 
A number of stages are available for the microscope including a manualstage, a 
Prior motorised stage and a Linkham temperature control stage. The manual stage 
is highly adaptable and has very fine controls allowing features of a few microns to be 
brought into focus easily. The motorised stage allows Raman mappings to be taken 
over large areas of the samples surface automatically. The Linkham temperature 
control stage allows Raman measurements to be made over temperatures ranging 
from liquid nitrogen, 77K, to over 600K. It also allows the ambient atmosphere to be 
controlled. 
The Raman system is located in a dedicated laboratory where the environment is 
closely controlled through an air conditioning system and extraneous light sources are 
minimised. In addition, the system is isolated from surrounding sources of vibration 
by being positioned on a highly stable optical table. 
Data were recorded without polarisation analysis using a wide range of integra- 
tion times and accumulations. The specific integration time and accumulation used 
was dependent on the sample and experimental details. The specific experimental 
details will be described for each measurement in the results section. The intensity 
was varied by either a calibrated filter wheel, or the regulation of the laser power 
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supply together with a calibrated photodiode. 
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Figure 4.6: aS/S ratios of Raman active Paracetamol modes for the 633 nin and 514 
nin. lasers. These agree well with the theoretical ratio (solid lines) determined tising 
equation 4.3. Inset (a) shows the full Raman spectrum of Paracetaniol. Insets (b) 
and (c) show the sample temperature as calculated using the ratio of the 520cm-1 
mode of Silicon for the 633 and 514 respectively against the temperature reported by 
the thermostat. The lines on these insets represent the temperature reported by the 
thermostat. 
It is of critical importance for temperature dependence and aS/S ratio mea- 
surements that the temperature of the sample and system response are precisely 
calibrated. Calibration procedures are most crucial for modes with large Raman 
shifts, for the difference between Stokes and anti-St, okes modes can be large enough 
to produce a measurable change in detect, ivity between the two. The system's optical 
response was calibrated using the Raman spectrum of Paracetamol which is shown 
in inset (a) of figure 4.6. This compound has a large number of strong Raman modes 
over the range we are interested in. With a maximum absorption at approximately 
250 nm the effect of resonances between the molecule and the laser is minimised. The 
aS/S ratio (p) was calculated for all visible peaks and these were compared to the 
theoretical values for both lasers. This allowed us to obtain calibration curves which 
were then used to correct the SERS measurements. These correct for any spectral 
0.1 
0.01 
1E-3 
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artefacts generated by the collecting optics, notch filter, grating, or CCD. Figure 4.6 
shows that there is good agreement between the experimental and the theoretical 
rat, io determined from equation 4.3 assuming that there was no local heating due to 
the laser under normal Raman conditions: 
(WL + WV)4 r&, ovlkBT 
(WL 
- Wv) 
4 (4-3) 
The temperature of the sample surface was determined by performing a Ra- 
man measurement on the silicon substrate in close proximity to each of the SERS 
measurement locations. This removed any artefacts arising from the thermal con- 
tact between the sample and the cold finger. The aS/S ratio of silicon's 520 cm-1 
peak were corrected using the same factors applied to the paracetamol case above. 
Equation 4.3 was then used to determine the sample's temperature for each SERS 
measurement. Insets (b) and (c) of figure 4.6 show the temperature determined from 
silicon plotted against the temperature reported from the thermostat. The use of the 
correction factors for both the paracetamol and Si aS/S measurements support their 
validity. 
4.6 The conventional Raman setup 
Low power density SERS measurements were made using a high-dispersion double- 
additive U1000 Jobin-Yvon spectrometer. A schematic layout of the experimental 
setup is shown in figure 4.7. This system is far more sensitive than the Raman 
microscope system allowing a much lower power density to be used for experiments. 
This has the triple advantage of: (i) reducing photo-bleaching to a negligible level. 
(ii) reducing any indirect laser heating effect, and (iii) improving the averaging over 
cluster geometries. Samples were dried onto a Si substrate and mounted in a closed- 
cycle He-cryostat (C TI- cryogenics) with temperature control ill the range 10-300 
K. 
Raman measurements were performed using several laser lines of a Krypton ion 
(Kr+) 
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Figure 4.7: Schematic layout of the macroscopic Raman setup showing the essential 
components of the system. 
laser. The laser is passed through a small monochromator to remove the plasma 
lines from the laser beam. The laser was focused through the optical window of 
the cryostat onto the sample using the focusing lens. The resulting spot was of 
approximately 20 pin diameter. The signal was then collected by a high- numeric al 
aperture photographic zoom lens (Canon), xIO magnification. Although the spot 
size is comparable to the spot size obtained with the lowest magnification objective 
in the microscope system, much lower power densities can be investigated removing 
the possibility of photodecomposition of the sample during the measurement. The 
collected light is then directed onto the entrance slit of the spectrometer which is 
detected using a N2-cooled CCD detector. 
A range of integration times were used depending on the specific sample and 
measurement to achieve a good signal to noise ratio for different peaks, but power 
densities were kept to a minimum compatible with the observation of pumping and 
exposure to the beam was minimised as much as possible in betweeii changes of T. 
We used - 30 - 50 mW spread over the 20 pm 
diameter spot. As the rate of photo- 
bleaching may change with T[241] a suitable power density to ensure reasonable 
stability must be decided at room temperature, where the effect is greatest. 
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4.7 Scattering volume 
The scattering volume of the immersion lens is an important parameter for experi- 
ments performed in solution. The confocal pinhole of the Jobin-Yvon LabRam sYstem 
can be used to define the scattering volume. A 200 pm pinhole Ný, -as used throughout 
the measurements. The scattering volume (Vs) was determined bY a confocal test on 
an immersed Si-wafer as shown in figure 4.8. In the axial direction, the microscope 
detects events over a distance of z-8 pm, defined as the FýVHM of the intensity vs. 
defocusing-distance profile in figure 4.8. This distance is adequate for the frequency 
of events we observe and within factory specifications for the 200 Pm pinhole. The 
diameter of the beam is characterised by beam-profiling using the cleaved [1101 edge 
of a Si wafer with ax 10 objective. The diameter is then scaled by a factor of 10 to 
estimate the diameter of the beam for the x 100 immersion lens. Direct edge-beam 
profiling with the xIO0 is not possible due to diffraction at the edge and limitations 
in the stepper motor stage which has a resolution of 0.5 pm. We estimate the beani 
diameter to be d- 650 nm for the HeNe laser (d - A). The scattering volume is then 
to be Vs = -Fz d'/4 - 2.6 10-12 CM3. 
A 10 nM dilution of RH6G has PN - 6.02 x 1012 molecules/cm'. The number of 
molecules in the scattering volume at any instant is N -` PNVS ' 15. Hence for a1 jtM 
solution there will be - 1500 molecules in the scattering volume. Another important 
parameter of the experiment is the diffusion time TD of the dyes across Vs. From 
2/3 
simple diffusion theory 7D - Vý /(2D), where D is the 
diffusion coefficient. Taking 
D- 10-5 CM2 /sec, typical of many dyes in water[242], we obtain a characteristic 
transit time of 7D -I msec. The integration timeT 
for the N2-cooled CCD-detector 
of the spectrometer is always between 0.1 to I sec, 
depending on the sample. 7=0.1 
sec is the minimum integration time possible, 
limited by the readout time of the CCD. 
If the system were detecting a signal from every 
dye coming inside I -s ý over a period 
of - 0.5 sec the instrument should register the signal 
from - 500 - 1000 molecules. 
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Figure 4.8: Intensity profile of the 520 cm-1 mode of Si as a function of focils. The 
beam shape at zero and maximum (10 /-tm) defocusing is also shown. The FWHNI 
of this profile, - 81im, defines the scattering length in the axial direction. The beam 
diameter (d, - 650 nm) is determined with a similar test doing a line scan on a cleaved 
Si-edge. The scattering volume VS is measured to be - 2.65 x 10-12 CM3 
4.8 Data analysis 
Data analysis has been carried out using Excel, Origin and Peakfit. Stokes and 
anti-Stokes Raman peaks were fitted with standard Voigt functions with subtracted 
backgrounds to obtain the full width at half maximum (FWHNNI), intensity and fre- 
quency of the modes. The aS/S ratio was then obtained using the integrated intensity 
of the modes. 
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Chapter 5 
Results - Ant i- Stokes/ Stokes ratios 
in the ensemble regime 
Under SERS conditions, anomalous aSIS ratios (p) can result from several effects 
including resonances, local heating and optical pumping. In thi's chapter we present 
the results of our investigation into these various contributions and their character- 
istics. We begin with our investigation of resonances under SERS conditions before 
moving on to studying the power dependence of p. We show that it is impossible to 
distinguish between the contributions using studies of p as a function of power. We 
then investigate p as a function of temperature for aqueous and dried colloidal sam- 
ples. We develop the technique to allow the separation of the various contrtbutzoIN, S 
to the anomalous ratio and demonstrate the extraction of heating and pumping con- 
trZbutZons. This relies on a method we call the corrected lifetime method (CLAI). TVc 
demonstrate the technique for the characterisation of several SERS active (Ioalytcs 
and SERS substrates. A brief investigation of the mechanisms involved in the photo- 
bleaching effect as well as the possible use of photo-bleachiny as an additional s(inyl( 
characterisahon tool is also described. 
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5.1 Investigating resonances under SERS condi- 
tions using the anti- Stokes/ Stokes Ratio 
Resonances are an important source of enhancement under SERS conditions where 
several sources coexist and interfere. These include (i) the analyte, (, ii) the single 
plasmon, (iii) coupled plasmon resonances, (iv) the surface complex or (ti) the res- 
onance of the analyte modified when in close proximitY to the metal surface. A 
complete understanding of resonances in SERS would help with the optimisation of 
experimental conditions. Although (i) and (U) are relatively easY to measure. the 
other contributions usually cannot be measured directly. Hence the true resonance of 
the sample is commonly referred to as the 'hidden' resonance. 
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Figure 5-1: (a) Schematic view of a typical enhancement profile associated with a 
resonance in the system. The arrows indicate the position of the 
514 nm and 633 nm 
lasers and the anti-Stokes and Stokes signal for a particular mode. 
(b) The deviation 
for a particular mode of the aS/S ratio over the theoretical value as a result of the 
presence of the resonance shown in (a). 
Resonances under SERS conditions result in anomalous values of p which are 
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highly sensitive to changes in the resonance conditions[8]. Figure 5.1(a) sllmv, s a 
schematic resonance profile. The large arrows indicate the 514 and 633 nm 
whilst the small arrows indicate the anti-Stokes and Stokes modes of at* N-pical Raman 
mode. The spectral range spanned by typical Raman modes is a relative1v small region 
around the laser compared to the entire visible range. Thus to a first approximation 
the gradient of the resonance profile gives an indication of whether p will lie above 
or below the theoretical value. The aS/S ratio will be depressed for excitation above 
the maximum of the resonance while excitation below will be increased as illustrated 
in figure 5.1b. On top of this general underlying trend, variations for different modes 
indicate the local dispersion of the resonance around a specific laser energy. Dispersion 
effects are expected to be more important for higher energy modes. This technique can 
be used to map out the shape of the underlying resonance. It is important to note that 
the absorption spectrum may not be exactly equal to that of the SERS enhancement 
in a complex system. In fact, they can be quite different because the Rainýlil process 
is inherently more complex as it also involves the scattered photon[236]. 
In this section we present results of measurements of p as a function of wave- 
length for various samples. Resonance contributions have been explored through the 
careful modification of experimental conditions. We first investic)-ate the influence of 
the analyte itself by measuring p for several resonant and non resonant molecules. 
We then present results for several substrates with different coupled and single plas- 
mon characteristics. We discuss the implications of these measurements and show 
that the anomalous ratios observed for the resonant molecules are consistent with a 
modification of the intrinsic resonance profile of the analyte when in close proximity 
to the metal surface. 
Resonant molecules - RH6G, AF488 and BTZ 
In order to build up an understanding of the role of the analyte in the 'hidden' 
resonance, p was measured for several resonant molecules which were RH6G, AF4c-,, -, 
and BTZ. The optical absorption of each dye is shown in 
figure 5.2 with arrows 
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indicating the positions of the 514 and 633 nm lasers. Figure 3.2 sliow, -ý that the 
resonance profiles of these analytes are significantly different. 
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Figure 5.2: Optical absorption profiles for RH6G, AF488 and BZT. Arrows indicate 
laser wavelengths investigated. 
A visual representation of the different resonance condit, ions possible in a typical 
SERS sample can be obtained by looking directly at the data for both the Stokes and 
anti-Stokes Raman for two different incident wavelengths. It is important to use low 
incident powers here as local heating, optical pumping and photo-bleaching can also 
affect p. Figure 5.3 shows the Stokes and anti-Stokes Raman spectra of the 610 cm-1 
mode of RH6G for both the 514 and 633 nm lasers with backgrounds subtracted. 
Measurements were taken using the Raman microscope setup as described in section 
4.5 and low incident powers (0-5 mW). Figure 5.3 clearly shows that the ratio i. S 
strongly dependent on laser wavelength. 
Similar anomalous ratios were observed for all modes of RH6G. Figure 5.4 shows 
p of RH6G adsorbed on colloidal silver in solution for 457,514,633 and 7, ý. -) nin 
laser excitation. The dashed line represents the theoretically expected value of p at 
300K. Five measurements were made for each of the modes for both 514 and 633 nin 
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Figure 5.3: Stokes (left) and anti-Stokes (right) spectra for both 633 (dark grey) and 
514 nm (light grey) lasers at the same incident power (0.5 mW) with backgrounds 
subtracted. Only the region of the 610 cm-' Raman active mode of RH6G is shown. 
The aS/S ratio is significantly larger for the 633 nm line. 
excitation. The open symbols represent the individual measurements whilst the solid 
lines represent the averages. The ratio is clearly suppressed from the theoretically 
expected value for all the modes at 514 nin excitation and increased at 633 nm 
excitation. 
Measurements with the 457 and 785 nm lasers were taken in solution for one 
mode only by P. Etchegoin and are represented by the solid symbols. These measure- 
ments, although limited, improve our knowledge of the hidden resonance profile of 
these samples. The 457 nm ratio is suppressed with respect to the theoretical value 
but to a lesser extent than the 514 nni result. Ratios measured with the 785 nin laser 
are further increased from the theoretical value than those measured with the 633 iiin 
laser. These results are reproducible and similar trends have been observed for niany 
different samples. 
SERS active samples of AF488 were prepared with 4 iii-M KCI and Ag colloids 
and dried onto a glass slide. Figure 5.5 shows the experimentally determined ratios for 
both 514 and 633 nm la, sers at low power, along with the theoretically expected values 
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Figure 5.4: AS/S ratios measured with four different excitation wavelengths (457, 
514,633 and 785 nm) at low power for an aqueous solution of RH6G mixed with Ag 
colloids and KCI as activating agent. The dashed line represents the theoretically 
expected value. Measurements for 785 and 457 nm lasers were performed for the 610 
cm-1 mode only by P. Etchegoin. 
(dashed line) for AF488. The squares are individual measurements to provide an 
indication of the variability in the data whilst the solid lines are average ratios. AF488 
shows ratios which are above the expected theoretical values for 633 nm excitation 
and suppressed for the 514 nm excitation similar to RH6G. 
Figure 5.6 shows p as measured for BZT adsorbed on silver colloids using both 
514 and 633 nm excitation. Samples were prepared with 1 pM BZT mixed with 
4mM KCI and silver colloids. Samples were dried and measurements were made 
using the Raman microscope with the x50 objective. The Raman spectrum of this 
dye is shown inset to figure 5.6. As with the measurements on the other dyes, five 
measurements were made at different locations of the sample. Open symbols represent 
the individual measurements and give an indication of the variation in ratio over the 
sample surface. The solid lines represent the average ratios calculated from the five 
separate measurements. The dashed line represents the theoretically expected ratio 
calculated at 300K. Again results are similar to those obtained for RH6G and AF488. 
98 
0.1 
0.01 
1 E-3 
1 E-4 
El 
C3 
-2000 -1000 0 1000 2000 
Raman Shift [cm-1] 
633nm 
514nm laser laser 
Theoretical values 
Individual values 
-Average values 
400 800 1200 1600 
Raman Shift [cm-1] 
Figure 5.5: Ant i- Stokes/ Stokes ratio p measured with 514 and 633 nin excitation on 
a, dried Ag-colloid cluster with AF488 and KCI for both the 514 and 633 nm lasers. 
The spectrum of this dye is shown schematically in the inset. 
5.1.2 Non-resonant molecules - DTT and Pyridine 
To further investigate the role of the analyte itself, measurements were performed on 
two nonresonant analytes, pyridine (Py) and dithiothreitol (DTT). These molecules 
have intrinsic resonances in the deep-uv and hence can be considered nonresonant 
for the visible wavelengths under investigation. Pyridine was dissolved in deionised 
water to a concentration of 10-' M. This was then mixed in a ratio of 50: 50 with 25 
mM KCI. A substrate with fixed Ag toroidal features was then immersed in the final 
solution and left for 15 minutes to allow the pyridine to adsorb on to the surface. 
SERS measurements were made using the Raman microscope setup described in 
section 4.5, with the laser focused onto the surface of the sample through a thin layer 
of liquid with a long working distance x5O objective. DTT was dissolved in deionised 
water to a, concentration of 10-' M which was then mixed in a ratio of 50: 50 with 4 
mM KCL The resulting solution was then mixed in a ratio of 50: 50 with Ag colloids. 
A small amount was dried onto the surface of a glass slide and SERS measurements 
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Figure 5.6: p measured with 514 and 633 nm excitat, ion on a dried BZT-Ag colloid 
sample. Symbols represent individual measurements whilst solid lines are averages. 
The theoretical values are again indicated by a dashed line. The Raman spectrum of 
this dye is shown schematically in the inset. 
were made with a, x 50 short working distance objective on the colloidal clusters which 
were formed. All measurements were made at low laser powers. 
Figure 5.7 (a) and (b) shows p as measured for these two molecules using the 
633 nm laser. Both Py and DTT have a large spread in data due to reduced signal to 
noise ratio. Both of these molecules have comparatively modest SERS enhancements 
with respect to resonant molecules. Despite the spread in the data, it is clear from 
the figure that these molecules present aS/S ratios which are compatible with the 
theoretical expectation. This result is again reproducible over many samples. 
5.1.3 Discussion - The influence of the analyte 
The intrinsic resonance profile of the analyte is obtained directly from the opt, ical 
absorptions shown in figure 5.2. The gradient of the profiles is significantly different 
for each analyte at 514mn but not 633nm where the gradient is very similar for each 
and close to zero. If a direct resonance with the dye were the dominant contributor 
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Figure 5.7: Anti- Stokes/ Stokes ratio p measured with the 633 nin laser for the non 
resonant molecules (a) DTT on ag colloids, and (b) pyridine on Ag toroids. Both 
samples were activated with KCI. Although there is a relatively large spread in the 
data, the average ratio for both molecules agrees well with that theoretically predicted. 
to the hidden resonance profile, p would be significantly different for each of these 
analytes when measured using the 514 nm laser. Results with the 633 m-n laser should 
be close to the theoretically expected value for each of the analytes. 
Measurements on RH6G, shown in figure 5.4, reveal a well defined and repro- 
ducible trend. The ratios measured for the 514nm laser are lower than the theoretical 
ratio and increased for 633nm excitation. The difference in resonance conditions for 
the anti-Stokes and Stokes modes becomes less important for smaller Raman shift, 
because the difference in absolute energy between the two decreases. Hence, p ap- 
proaches the theoretical value for modes of lower wavenumber as expected. The 
results for the 514 nm laser are consistent with the absorption profile of the RH6G as 
the anti-Stokes should be enhanced to a lesser degree than the Stokes resulting in a 
ratio lower than the theoretically expected value. Although the results obtained with 
the 633 nm laser are not as close to the theoretically expected value as the absorp- 
tion profile would suggest, they are above the theoretically expected value. This is 
consistent with the maximum absorption being at higher energy than the laser as is 
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the case for RH6G- 
Figure 5.2 shows that an anomalous ratio above rather than below the theoret- 
ically expected value should result for measurements with AF488 using the 514 nm 
laser if the intrinsic resonance of the analyte is the dominant contributor. Measure- 
ments of the aS/S ratio for the Raman modes of AF488 using both the 514 and 633 
nm lasers are shown in figure 5.5. The ratios measured for the 514 nm laser are again 
below the theoretical value whilst ratios with the 633 nm laser are increased above 
the theoretically expected value, similar to the RH6G case. If direct resonance with 
the analyte had been the dominant contribution to the observed aS/S asymmetry, 
the AF488 data should have provided a clear-cut difference for the 514 nm laser when 
compared to the results obtained with RH6G. In this case however, as both lasers 
lie below the absorption edge of the dye, both aS/S-ratios should be above the the- 
oretical one, albeit by different extents. This is not what is observed experimentally 
and indicates that the underlying resonance producing the anomalous ratio is not the 
direct resonance at the absorption maximum of the analyte. 
The maximum absorption of BZT is further into the deep-blue/near-uv at 400 
nm as shown in figure 5.2. If direct resonance with the analyte is the dominant contri- 
bution to the anomalous ratio we would expect the ratios measured for both the 514 
and 633 nm lasers to be increased above the theoretically expected value. The effect 
at 633 nm is expected to be significantly reduced compared to the previous analytes 
due to the maximum of the resonance being further away. Figure 5.6 shows that the 
measured ratios for 514 nm excitation are still significantly reduced compared to the 
expected theoretical ratio. Similarly, the ratios measured for 633 nm excitation are 
above the theoretically expected value, although to a lesser degree than either RH6G 
or AF488. Although the results obtained with the 514 nm laser are inconsistent with 
a resonance dominated by the intrinsic resonance of the analyte (at the absorption 
maximum) the small change in behaviour for the 633 nm laser may indicate that the 
resonance of the analyte does play some role. 
The role of the analyte in the total resonance profile of the sample is confirmed 
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by the measurements of p for the nonresonant analytes. Figure 5.71 shows that the 
values of p obtained using the 633 nm laser for DTT and pyridine are consistent 
with the theoretically expected ratios. A strong reproducible anomalous ratio was 
only observed for resonant molecules. The observation of non-anomalous ratios for 
nonresonant molecules suggests that the dominant contribution to the underlying 
hidden resonance is related to the molecule itself in some way. As all the resonant 
molecules appear to behave in a similar way, a direct resonance with the analyte itself 
at the absorption maximum has to be ruled out. As well as this, all of the analytes 
interact with the metal surface to different degrees. DTT and BZT chemically bind 
to the surface (chemisorption) whereas Py, RH6G and AF488 are only physisorbed 
making a possible resonance with the surface-complex an unlikely explanation. 
These results suggest that the intrinsic resonance of the analyte is only weakly 
related to the underlying resonance. In the next subsection we investigate the effect 
of the single and coupled plasmon resonances. 
5.1.4 Plasmons - Fixed silver toroidal and pillar substrates 
The major contribution to the SERS EM enhancement is believed to arise from the 
surface plasmons present in the nano-structured substrates. The plasmon character- 
istics are highly sensitive to the geometry of the metallic nano- structures. The local 
colloidal geometry probed during a SERS measurement can be expected to be signif- 
icantly different for aqueous solutions compared to dried samples. Figure 5.8 shows 
the p as measured for the modes of RH6G mixed with silver colloids and KCI for both 
aqueous (left) and dried (right) samples. Surprisingly the aS/S ratios are very similar 
for both the aqueous and dried samples despite the apparent difference in geometry. 
This leads us to question how much influence the geometry of the substrate has on 
the relatively sharp resonance feature that figure 5.8 identifies. 
In order to clarify the effect of geometry on the hidden resonance, the aS/S 
ratios of RH6G adsorbed onto both the Ag pillars and toroids[5,9] were measured. 
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Figure 5.8: AS/S ratios measured with 514 and 633 nm excitations for: (a) an aqueous 
solution of RH6G mixed with Ag colloids and KCI as activating agent, and (b) a 
dry sample. The inset in (b) shows a typical SERS spectrum of RH6G in these 
measurements. These measurements were made at low excitation intensity to avoid 
any possible heating or pumping effects. Open symbols are individual measurements, 
solid lines represent the average and the dashed lines are the theoretically expected 
value. 
Typically it, is very difficult to determine the optical response of dry opaque substrates 
experimentally. The toroids and pillar structures are on silicon substrates making a 
normal transmission measurement unfeasible. However, there exist several methods 
by which the optical response can be inferred. Figure 5.9 shows the optical losses 
extrapolated from a reflectance measurement carried out using the Raman microscope 
with a white light source. Although, these measurements are limited by a high degree 
of scattering they are indicative of the expected change in plasmon response for 
the two substrates. The maximum loss was found to occur at significantly different 
wavelengths, 590 and 650 nm for the pillars and toroids respectively. From this we 
would expect a clear change in the anomalous ratio for measurements with these two 
substrates if the hidden resonance is dominated by the substrate. 
In general the observed SERS intensity from these substrates is lower than 
that obtained for measurements made using silver colloids under similar conditions 
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Figure 5.9: Optical losses as measured from silver tori (a) and pillar (b) substrates 
using reflectance measurement taken using the Raman microscope and a white light 
source. Inset to each spectrum is an SEM image of the substrate. The maximum loss 
is found to occur at 590 nm for the silver pillars and 650 nm for the silver toroids 
suggesting a significant change in resonance profile for the two subst, rates. 
and consequently higher laser intensities were required. In the case of the 514nill 
excitation, this increased both the fluorescence and rate of photo-bleaching of the 
analyte restricting the measurement of the anti-Stokes and Stokes intensities to only 
two modes. These problems are avoided when using the 633 nm excitation, which is 
far from direct absorption of the dye. 
Figure 5.10 shows the aS/S ratio for RH6G measured on both Ag pillars and 
toroids. As before, measurements were taken at low incident powers to avoid any 
possible contributions from heating or pumping. The individual measurements are 
shown in figure 5.10 as small open squares. The average ratios, indicated by the solid 
lines, are very similar to those obtained from colloidal samples and each other. The 
observation is reproducible within error for the three samples tested of each geometry. 
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Figure 5.10: AS/S ratios measured with two different excitation wavelengths at low 
intensity for RH6G mixed with NaCl and dried onto Ag-toroids (open circles) and 
pillars (full circles)[5,9]. The dashed line is the expected theoretical ratio. 
5.1.5 Discussion 
Figure 5.9 shows that a significant difference in the optical properties of SERS samples 
with different, geometries can be expected. This is a direct result of the different 
characteristics of the single and coupled plasmons. Although the specific change in 
optical response has not been charact, erised for the difference between aqueous and 
dried silver colloids, it is reasonable to expect a significant difference in the optical 
properties of the two states. Figure 5.8 shows the aS/S ratio measured for the Raman 
modes of RH6G with both 514 and 633 nm excitation for both aqueous and dried 
Ag colloids. Ratios measured using the 514 nm laser are consistently suppressed 
below the theoretically expected value whilst ratios measured using the 633 nm are 
consistently increased above the theoretically expected value for both aqueous and 
dried Ag colloids. The sharp feature associated with a resonance is not strongly 
connected to sample geometry at the ensemble average of geometries probed by the 
laser. 
106 
A more thorough investigation is made by performing measurements on both the 
fixed Ag pillar and toroidal substrates for which a clear difference in optical response 
is expected as shown by figure 5.9. Figure 5.10 shows the aS/S ratios for the modes 
of RH6G on both the toroids and pillars. Similar trends are seen in the data for both 
substrates consistent with that seen using Ag colloids both in solution and dried. 
A lack of sensitivity to geometry could be justified if the underlying plasmon 
resonances are broad in nature reflecting the complex range of geometries present in 
any sample volume. The result is surprising because at the start we believed that the 
resonance of the coupled plasmon would be extremely sharp and would dominate the 
underlying resonance profile of the SERS samples making the ratio highly sensitive to 
the geometry[101]. The schematic that we chose to show in figure 5.1b to illustrate the 
method is actually the correct profile to describe the geometry insensitive resonance 
feature we have mapped out with the resonant molecules and the different substrates 
investigated. In the next section we investigate the modification of the intrinsic 
resonance profile of the analyte by the close proximity of the metal. 
5.1.6 Modified analyte resonances 
Since the aS/S ratios measured for nonresonant analytes agree with the theoretically 
expected ratio whilst measurements on resonant analytes do not, we know that the 
probe is a major contributor to the resonance profile observed under SERS conditions. 
However, as significant changes to the anomalous ratio are not observed for the various 
resonant analytes we also know that the intrinsic absorption profile of the analyte 
is not the dominant contribution. Another possible source for a resonance profile 
involving the analyte itself is the modification of the analytes resonance profile when 
it is in close proximity to the metal surface. The problem of the coupling between 
a dipolar resonant optical absorption and a close metallic surface has been studied 
previously. Here, the treatment of the coupled plasmon-dye resonance model of Fuchs 
and Barrera[10] has been developed to investigate the effect on RH6G. AF488 and 
BZT. Calculations were performed by Eric Le Ru and Pablo G. Etchegoin. 
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If the problem of non-locality is ignored the dielectric response of the metal does 
not depend on the wavevector of the light. It is then possible to study qualitatively 
how the resonant profile of a dye is affected by the close proximity of the metal. RY 
close proximity we mean distances of the order of the molecular size itself (-I nm or 
smaller). The interaction of the dipole with a flat, surface will be a good approximation 
as far as the surface is 'flat' on length scales comparable to the molecular size (- I 
nm). This is expected to be the case in most situations (including the present case) 
except when very sharp topological features of the order of a fraction of a nanometre 
exist. 
LM 
CC 
Immma 
rm 
0 
LM 
0 
BZT 
614 nm 
633 nm AF488 RH6G 
614 nm 
400 500 600 700 400 500 600 700 400 500 600 700 
Wavelength [nm] 
Figure 5.11: (Solid lines) Absorption spectra for BZT, AF488 and RH6G modified by 
the interaction of the analyte with the metal when in close proximity calculated using 
the model in reference[IO] and appropriate models for the optical properties of the 
different dyes. (Dotted lines) Absorption spectra of pure material. Arrows indicate 
the positions of the 514 and 633nm lasers. Calculation by Eric Le Ru and Pablo G. 
Etchegoin. 
The dielectric function of Ag was modelled using a Drude model[1051 and the 
optical properties of RH6G are modelled using an analytic model[243]. The optical 
properties of AF488, which is very similar in core structure to RH6G. can be modelled 
with the same overall parameters of RH6G, except for the maximum of the a, bsorpt, ion 
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which is shifted from 528 nm for RH6G[2431 to 488 nm for AF488. There are no 
analytic models available for the optical properties of BZT, but a reasonable fit to 
our own experimental data of the absorpt, ion spectrum in figure 5.2 can be obtained 
by assuming the maximum of the absorption to be at 400 nm and using a much wider 
FWHM as compared to RH6G and AF488. Note that the maximum of the absorption 
of BZT is reported to be at 435 nm[244]. The difference with our experimental data is 
most likely due to the use of a different solvent (water). Assuming a -1 nm average 
separation with respect to the metal for RH6G and AF488 and a slightly smaller 
value (-0.65 nm) for BZT to account for the different relative sizes of both families 
of molecules, the modified analyte resonance profile can be compared using the model 
in reference[IO]. 
Figure 5.11 is a triple plot showing the expected modified analyte resonance 
for BZT, AF488, and RH6G. The model shows that the coupled resonance is less 
sensitive to a blue-shift in the absorption of the analyte because it is actually anti- 
crossing with the intrinsic surface plasmon resonance of the metal and it is held back 
in the interaction. Therefore, a change in absorption maximum from 528 to 488 nm, 
as in the case of RH6G and AF488, results in a coupled resonance that still has the 514 
and 633 nm lasers on opposite sides of the maximum in both cases, as shown in figure 
5.11. The effect is more pronounced for BZT due to a combination of the molecule 
being smaller with a broader absorption. The interaction with the metal shifts the 
peak further to longer wavelengths as shown in figure 5.11. In this case the 514 nm 
laser will be located on the left of the maximum of the coupled resonance, while the 
633 nm laser would be close to the maximum where the effect of the resonance is 
small. The model does not reproduce the experimental results for BZT exactly due 
to the limitations of the analytic model of the dye and the intrinsic approximations 
of the coupled dye-plasmon model[IO]. Despite this, it seems rather conclusive that a 
model based on a modification of the intrinsic resonance of the analyte when in close 
proximity to the metal surface could indeed explain the experimentally observed. 
geometrically insensitive resonance feature. 
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The modified analyte resonance model also predicts negligible anomalous ratio-, 
for nonresonant molecules such as Pyridine and DTT. This is in good agreement 
with the observations in section 5.1.2. These results suggest that the modification 
of the intrinsic resonance of the analyte due to the close proximity of the molecule 
to the metal is the dominant contribution to the resonance profile observed under 
SERS conditions. Only SERS active probes with intrinsic resonances further into the 
UV will be able to overcome the interaction effect and become less sensitive to a, S/S 
asymmetries. 
5.2 Evidence of pumping - aS/S power dependence 
Additional contributions to the aS/S ratio arise from heating or optical pumping of the 
vibrational modes. These effects are a result of laser action. Initial work on optical 
pumping of vibrational modes under SERS conditions by Kneipp et al in 1996[l] 
involved the use of power dependence measurements. In this section we investigate 
the use of power dependence measurements of the aS/S ratio as a characterisation tool 
using RH6G and silver colloids and attempt to quantify the effect of KCI concentration 
on the samples 
5.2.1 Power dependent measurements with Rhodamine 6G 
We start with the 610 cm-1 Raman active mode of RH6G. The are two reasons for 
this. Firstly, the 610cm-1 mode it is an intense mode that is relatively close to the 
laser which minimises the correction for the response of the system. Secondly, the 
vibrational population of this low energy mode is substantially populated at room 
T producing data of extremely good signal to noise ratio in very short integration 
times. Experiments were carried out for the 514 and 633 nm lasers using the Raman 
microscope setup as described in section 4.5 on aqueous solutions of Ag colloids mixed 
with RH6G and KCI. The measurements were performed consecutively using the same 
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Figure 5.12: (A) Experimental values of p for the 610 cm-1 mode of RH6G as a 
function of incident power for both 514 and 633 nm lasers. (B) Experimental values 
of p for the 1510 cm-' Raman mode of RH6G as a function of power for the 633 nm 
laser only. All measurements were made at 300K. The theoretical (constant) values 
expected at room temperature for both lasers are shown as thick horizontal lines. 
The power dependence of p for the 610 cm-1 mode is shown in figure 5.12A for 
both lasers. The thick horizontal lines represent the power independent theoretical 
values of p at 300K obtained using equation 2.26. Figure 5.12 B shows the power 
dependence of p for the 1510 cm-' Raman mode of RH6G under 633 nm illumination. 
Measuring p for this mode presents more of a challenge mainly because the anti-Stokes 
intensity is typically very weak. Hence, for low incident powers long integration 
times of up to 8 hours are required. Over long periods of time special care must be 
taken to ensure the long term stability of the colloid which is dependent on the KCI 
concentration. 
Figure 5.13 shows the power dependence of p for the 1510 cm-1 mode of RH6G 
for KCI concentrations between 8 and 32 mM. These measurements were not par- 
ticularly reproducible and the large spread in the experimental results makes them 
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Figure 5.13: Power dependence measurements of p for the 1510 cm-1 Raman mode 
of R. H6G mixed with silver colloids and varying amounts of the aggregating agent 
KCI under 633 nm illumination. These measurements were made on aqueous solu- 
tions using the x60 immersion objective and appropriate integration times for KCI 
concentrations of between 8 and 32 mM. 
5.2.2 Discussion 
The results in figure 5.12A show that the p of the 610 cm-1 mode of RH6G is relatively 
independent of incident power for the 514 nm laser, while the 633 nm line shows a 
quasi-linear variation. Values for 514 nm are roughly an order of magnitude smaller 
than those for the 633 nm line and suppressed with respect to the expected theoretical 
value whilst the opposite holds for the 633 nm line. This is simply a result of the 
resonance profile of the sample as discussed in section 5.1. 
Here we are primarily interested in the power dependence of p for the two 
excitations. Since it is plausible that the resonance profile is independent of power. 
the power dependence of p can only be explained by a local temperature increase or 
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optical pumping. It is clear that these observations are consistent with the absorption 
profile of the resonant molecule being modified by the close proximity of the metal a's 
discussed in section 5.1.6. Whichever effect, heating or optical pumping, is responsible 
for the power dependence the mechanism does not profit from the intrinsic maximum 
absorption of the dye. 
Although the 610 cm-1 mode does shows a slight power dependence with 633nm 
excitation, it, does not have the highest cross section (as) of the RH6G modes. The 
power dependence should be more pronounced for modes with larger as's and higher 
intrinsic energies. To investigate the mode dependence, similar measurements of P 
were made for the 1510 cm-' Raman mode. This is one of the most intense and 
highest energy modes in the normal spectrum making it an ideal candidate for the 
observation of pumping effects. Figure 5.12B shows one particular measurement of 
the 1510 cm-1 mode where a strong power dependence was observed although the 
results were highly irreproducible as previously mentioned. 
Figure 5.13 shows several measurements made at various KCI concentrations. 
It is believed that KCI controls the average inter-colloid distances and, therefore, the 
density of hot-spots[102]. It is reasonable to assume that as the KCI concentration 
is increased the amount of clustering would increase leading to more hot-spots. As 
the number of hot-spots is increased, the effects of optical pumping and heating will 
become more significant and p will become increasingly dependent on the incident 
power. However, it appears that as the concentration of KCI is increased the power 
dependence of p becomes less significant. One possible explanation for this is that 
at higher concentrations of KCI the clustering of the colloids may be so great that 
colloids begin to 'drop' out of solution and no longer contribute to the signal. 
Although p is observed to be power dependent as would be expected in the 
presence of optical pumping, it is not a conclusive demonstration of pumping. These 
measurements were made using frequencies much closer to the intrinsic resonance 
or expected modified optical resonance profile of the analyte than those used in the 
original study by Kniepp et al[l] making direct heating of the analyte far more likely. 
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In addition to this, the irreproducibility and confusing results observed both for the 
1510 cm-1 and the measurements with varying KC1 concentration add doubt as to 
the understanding of the observed trends. A better demonstration of optical pump- 
ing is required to conclusively demonstrate its existence and to utilise the effect for 
metrology. 
5.3 Estimating local heating using the aS/S ratio 
To overcome the difficulties associated with power dependence measurements at 300K, 
we decided to study p as a function of temperature for a variety of analytes and 
substrates both in aqueous solutions and dried samples. We began with measurements 
in aqueous solutions despite the temperature range available being limited to 300- 
325K. SERS in fluids is particularly important for bio-medical applications. However, 
the limited temperature range made obtaining meaningful results difficult. Further 
measurements were made on dried samples using the Raman microscope with 514 and 
633 nm laser excitation. Although a much larger temperature range was accessible 
the data was found to be strongly influenced by the effect of photo-bleaching. Despite 
this problem fitting the data to a simplified model allowed the magnitude of the local 
heating to be determined. 
5.3.1 Temperature dependences in aqueous solutions 
Measurements on aqueous solutions of RH6G mixed with 4 mM KCI and silver col- 
loids were made using the 633 nm laser with the Raman microscope setup described 
in section 4.5. Measurements were taken using the x60 immersion objective index 
matched to water. 
Figure 5.14 shows the results of three temperature dependence measurements of 
for the 610 and 1510 cm-1 modes of RH6G. There are significant differences between 
the results for the two modes. Firstly, the results for the 610 cm-1 have very little 
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scatter and are much more reproducible than those measured for the 1510 cm-' mode. 
This is a direct result of the reduced vibrational population of the higher energy mode 
making the anti-Stokes mode extremely low intensity relative to the 610 anti-Stokes 
mode. Secondly, whilst the 610 cm-1 mode is well above the theoretically expected 
ratio, typical for the resonance profile of RH6G and consistent for the results shown 
in section 5.1, the 1510 cm-1 mode is almost in agreement with the theoretically 
expected value. 
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Figure 5.14: (Symbols) Temperature dependence measurements of the aS/S ratio of 
the 610 and 1510 cm-1 modes of RH6G mixed with silver colloids and 4 mM KCI 
taken using the 633 m-n laser at 5 mW in solution. Differnt colours represent different 
measurements. (Solid lines) Theoretical ratios. 
Under these experimental conditions, the temperature range over which mea- 
surements can be made is severely restricted. For the measurements shown in figure 
5.14, the temperature range was 300 to 325 K. Not only is the range limited but it 
is also relatively high. In this temperature range the vibrational population is ex- 
pected to be dominated by thermal excitations making optical pumping or heating 
effects very difficult to observe. These limitations require that a relatively high power 
density is used which may still lead to excessive heating and photo-bleaching. 
115 
rý 
, P&%42000 U) 
. 
Jý 8000 
sm 
M 
LMMI 
4000 
0 
90000 
60000 
30000 
0 
Figure 5.15: Anti-Stokes (AS) and Stokes (S) spectra for the 610 cm-' RH6G mode 
adsorbed on silver colloids are shown measured using the 633nm laser at low power 
for 300K (dark grey) and 170K (light grey). Note the change in scale between the 
AS and S spectra. As the temperature decreases the vibrational population of the 
mode also decreases as does the intensity of the AS whilst the Stokes intensity is 
independent of temperature. 
5.3.2 Temperature dependences on dried samples using the 
confocal Raman microscope 
The temperature range was extended by drying the samples and mounting them in 
the Linkham temperature control stage. This allowed measurements to be made 
between 77 and 350 K. Figure 5.15 shows examples of the anti-Stokes (AS) (left) and 
Stokes (S) (right) spectra for the 610 cm-1 mode of RH6G adsorbed on dried silver 
colloids at 300K (dark grey) and 170K (light, grey) for low power 633 nm excitation. 
Measurements were extended over the full temperature range with the sample 
temperature being determined from a measurement on the Si substrate. The variation 
of the aS/S ratio for each mode was fitted to equation (5-1): 
pi = Ai exp (- kuj / kB (TSi + 'ýýTi)), (5-1) 
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where Tsi is the temperature of the silicon, ATj is the increase in effective mode 
temperature with respect to the Tsi, , cj is the vibrational frequency, and Aj is the 
asymmetry between as and or,, S produced by resonances and is dependent on the 
particular mode under consideration. Four types of fits were performed: 
AT-only, where Ai is set to I (no resonance effect) and ATj are fitting parame- 
ters. 
A-only, where ATj =0 (no local heating, no pumping) and Ai are fitting para- 
meters. 
A+AT-shared, where ATj - AT constant for all modes and Ai are fitting 
parameters. This corresponds to the case of internal thermal equilibrium for 
the molecule. 
A+AT, where Ai and ATj are independent fitting parameters. This allows the 
modes to have different effective mode temperatures. 
Figure 5.16 illustrates how p is influenced by A and AT as a function of T. 
Figure 5.16(a) shows the expected value of the ratio for different A's, whilst keeping 
AT = 0. If A <1 the ratio is suppressed and if A> 1 the ratio is increased with 
respect to the expected value. In figure 5.16(b), A is held constant whilst AT is 
varied. In this case the influence of AT is strongest at low T's where it is a greater 
fraction of the initial T. A distinctive 'flaring' of the ratio occurs at low T's and a 
flattening of the overall curve shape results. 
The first two types of fit, s are only used to test whether a simple model with 
heating only and no resonances, or resonances only and no heating, is sufficient to 
explain the data. For all fits, we assume that Ai and ATj are constant with tempera- 
ture. For molecules in thermal equilibrium ATj = AT is the same for all modes and 
represents the temperature increase experienced by the molecules. Many factors con- 
tribute to this increase, for example the thermal properties of the SERS substrate and 
the various interfaces. These factors could possibly vary with temperature, although 
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Figure 5.16: Theoretical plots showing the effect on the aS/S ratio of various values 
of A (left) and AT (right). Differing values of A result in nested aS/S ratios over the 
full temperature range. In the case of AT, the effect on the aS/S ratio varies across 
the full temperature range with the largest effect being made at lower temperatures 
where AT represents a greater percentage of the initial temperature. This results in 
a 'flaring out' of the ratio at lower temperatures which is noticeably larger for greater 
values of AT. 
large variations typically occur at even lower temperatures (T < 100 K) - Therefore 
the assumption that AT is constant is a reasonable approximation. The (A+AT- 
shared) fit then enables us to separate the resonance effects (Ai) from the heating 
effect (AT). If this fit fails, then either AT is not constant or the molecule is not in 
internal thermal equilibrium and pumping is making a significant contribution. In the 
latter case, the effective mode temperature To + ATj is determined by the pumping 
rate, via equation 5.1. Although the contribution of pumping cannot be precisely 
determined from this model, the (A+AT) fit can still be useful in identifying which 
modes present an anomalous effective mode temperature and are therefore most likely 
to be pumped. 
Figure 5.17 shows the temperature dependences of p for the 610 and 1510 cm-1 
modes of RH6G dried on silver colloids over a wide temperature range. Measureinent,; 
on the 610 cm-1 mode were possible for both the 514 and 633 nm lasers whilst the 
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Figure 5.17: Anti- Stokes/ Stokes ratios as a function of temperature for the 610 (left) 
and 1510 (right) cm-1 modes of RH6G dried on silver colloids. Measurements on the 
1510 cm-1 mode were restricted in temperature range due to the reduced population 
and could only be made with the 633 mn laser because of the resonance profile. All 
measurements have been made using the relatively low intensity of I mW- Measure- 
ments on the 610 cm-1 mode reveals that the resonance profile is constailt throughout 
the temperature range as expected. 
1510 cm-1 mode could only be measured using the 633 nm laser. This was due to 
the resonance profile of this specific molecule resulting in an anti-Stokes intensity 
for the 1510 cm-1 mode which was beyond the sensitivity of the Raman system. 
The ratio measured for the 1510 is much lower than that for the 610 consistent with 
higher energy modes being less populated. Consequently the 1510 cm-1 mode was 
measurable over a much smaller range of temperatures than the 610 cm-' mode. The 
theoretically expected ratios are shown as dotted lines. The AT-only, A-only and 
A+AT are shown as dashed, dash dot and solid lines respectively. 
Although the relatively low intensity of 1 mW was used for these measurements. 
photo-bleaching remained significant. Because of this, five measurements of p were 
made at each temperature at different locations on the sample. This not only reduced 
the influence of photo-bleaching on the measurement but also gave some averaging 
over different local geometries present within the sample. The individual ineasure- 
ments are shown in figure 5.17 as solid squares. 
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Figure 5.18: Anti- Stokes/ Stokes ratio as a function of temperature for Ole 610 and 
1510 cm-' SERS active modes of RH6G taken with the 633 nm laser at high power 
(5 mW). The theoretically calculated ratio is shown as the dotted line. Two fits with 
the same value of A are shown for each mode. AT610 = 40K and AT1510= 200K (solid 
lines) represents the best fit values for these modes. The secondary fits set AT610 
200K and AT1510 = 40K (dashed lines). 
Figure 5.18 shows p as a function of T for the 610 and 1510 cm-1 modes taken 
using the 633 nrn excitation at 5 mW, while all other parameters were identical to 
the measurements at low power. Figure 5.18 shows each individual measurement 
of the ratio for each of the modes as an open circle as well as the resulting fits 
of A+AT for both modes. Secondary fits where the calculated temperatures have 
been swapped and the theoretically expected p's are also shown. Although photo- 
decomposition of the analyte is again reduced through the changing of laser position 
for each measurement and averaging, it is more significant than for the low power 
measurements 
As well as performing fits where each mode is assumed to have an individual 
temperature, fits were also performed with a shared mode temperature (A+AT- 
shared) for both the high and low power data. This approximates molecules in thermal 
equilibrium. The results of all the different fitting regimes applied to the data are 
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A+ AT shared (A + AT) A only -, -\T only 
Mode A A A A T 
Low power 633 nm laser 
610 1.30 ± 0.05 (AT = 25K) 1.50 ± 0.05 17 ±5 2.00 ± 0.20 40 ±5 
780 1.35 ± 0.05 (AT = 25K) 1.65 ± 0.10 16 ±5 2.35 ± 0.20 35 ±5 
1310 0.85 ± 0.10 (AT = 25K) 0.50 ± 0.10 55 10 1.60 ± 0.30 20 ±5 
1360 0.95 ± 0.10 (AT = 25K) 0.80 ± 0.10 35 5 1.90 ± 0.30 25 ±5 
1510 1.05 ± 0.10 (AT = 25K) 0.70 ± 0.10 40 6 2.20 ± 0.40 30 ± 10 
High power 633 nm laser 
610 0.45 ± 0.05 (AT = 96K) 1.05 ± 0.10 40 ±5 3.1 ± 0.5 40 ±5 
780 0.40 ± 0.04 (AT = 96K) 0.70 ± 0.10 60 ± 15 4.4 ±1 50 ±5 
1310 0.50 ± 0.10 (AT = 96K) 0.15 ± 0.05 160 ± 35 12 ±3 75 ± 10 
1360 0.40 ± 0.10 (AT = 96K) 0.25 ± 0.10 120 ± 35 14 ±3 70 ± 10 
1510 0.50 ± 0.10 (AT = 96K) 0.08 ± 0.03 200 ± 40 20 ±6 80 ± 10 
Low power 514 nm laser 
610 110.45 ± 0.05 13±210.50 ± 0.03 1 -20 ±4 
Table 5.1: Results of fitting temperature dependence measurements of P for RH6G 
to the different models described in the text using equation 5.1 for ImW and 5mW 
633nm exciation and ImW 514nm excitation. See text for description of models and 
further details. 
shown in table 5.1. 
Fitting results for the 514 and 633 nm lasers using equation 5.1 are shown in 
table 5.1. Measurements made at low power were approximately I mW at the focal 
point whilst the high power measurement, was 5 mW- All measurements Nvere made 
on large colloidal clusters. Firstly there is the fitting with independent 
A's and AT 
shared among the modes. This is only possible for the 633 nm laser as only one mode 
is available for the 514 nm laser. Then there is the independent A's and AT 
fit or 
(A+AT) fit. Finally there is the A only and AT only fits for which only a single 
parameter was independently varied. 
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5.3.3 Discussion 
As the temperature is decreased, the thermal contribution to the vibrational pop- 
ulations decreases exponentially. Figure 5.14 clearly shows this effect for the 610 
cm-1 mode. While there is little effect on the intensity on the Stokes side there is 
a significant decrease in the intensity of the anti-Stokes signal as the temperature is 
decreased, as is expected from a decrease in thermal population. The effect, is more 
pronounced for higher energy modes as expected. 
Optical pumping also contributes to the vibrational population but is normally 
very small compared to the thermal contribution. If the temperature is reduced to a 
point where thermal contributions are negligible the small contribution from optical 
pumping should become visible. 
The temperature dependence measurements shown in figure 5.17 for the 610 
cm-1 mode show no clear indication of pumping at low temperature. Similar result, s 
were found for all the modes. From this it was assumed that the contribution of optical 
pumping was extremely small in comparison to thermal contributions. Because of 
this it was assumed implicitly that optical pumping could be modelled as a source 
of local heating within the samples. If the analyte remained in thermal equilibrium 
then the effect would be described as local heating. If each of the modes were found 
to have an individual effective temperature then optical pumping must exist as this 
is the only process by which individual modes in the same molecule can behave 
differently. The experimental data for the 610 cm-1 mode using the 633 nm laser is 
best approximated by the (A + AT) fit. This was also found to be the case for the 
other modes investigated using this wavelength. The (A +, AT) fitting was also found 
to provide the best fit to the experimental data obtained for the 610 cm-1 mode using 
the 514 nm laser although the temperature rise is small and consequently the A only 
model also fits the data reasonably well. 
A shared mode temperature (A+, AT-shared) fitting of the low and high power 
data resulted in a temperature increase of AT = 25 K and AT = 96 K respect ively. 
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Although the temperature increase for the high power is clearly larger, as would be 
expected, the quality of the fits are badly compromised by photo-bleaching. This is 
reflected by aX2 -test (not shown in the table) which indicates that this model is not 
appropriate for these conditions. The good X2 measured for the low power 633 nm 
laser results suggests that the molecules are in thermal equilibrium. However, the 
results do not have a sufficiently low error such that the possibility of pumping can 
be disregarded even at this power. 
The results of fitting the data with independent values of A and AT for each 
mode typically provide the best fit to the experimental data. These show that the 
higher frequency modes have a lower A factor than lower modes for both the high 
and low power measurements contrary to what was observed in section 5.1. Although 
some variation in the A factors between different modes is expected as a result of 
the changing contribution from the resonance profile over the spectral range of the 
measurement it should be consistent between measurements. The variation in results 
could be due to the specific geometries of the local nano-structures or perhaps heating 
and photo-bleaching effects. 
The 610 cm-1 ratio as a function of T at high power is similar to that obtained 
at low powers. When plotted on the same graph it is almost impossible to separate 
them by eye suggesting that the mode temperature is not too dissimilar, despite an 
order of magnitude difference in power density. The result of the (A+AT) fitting of 
the 6 10 cm- 1 mode in both cases gives AT = 17 ±5K for low power and AT = 40 ±5 
K for high power, which is difficult to visualize on a log-scale. Although there is a 
great deal of scatter for the 1510 cm-1 mode, there is a noticeable difference in the 
trend of the data when compared with the low power measurement. This behaviour is 
very similar to the 'flaring' of the theoretically determined p's for high AT as shown 
in figure 5.16. This is confirmed with the fitting of the data to the (A+, AT) model 
which results in AT1510 = 200 ± 40 K. This is much larger than T610 = 40 ±5K 
obtained from the best fit to the 610 cm-1 mode at high power. Figure 5.18 shows 
fits for the 610 and 1510 cm-1 modes withAT61o =200K and AT1510= 40, both with 
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the best fit value of A for that mode. It is obvious from these fits that the 610 cm-1 
mode is much cooler than the 1510 cm-1. 
The mode independent temperatures resulting from these measurements sug- 
gest that vibrational pumping in the 1510 cm-1 mode could be the explanation for 
the failure of the (A+AT-shared) fits. However, these results are again far from 
conclusive. They fail to separate the effect of heating and pumping sufficiently to 
satisfactorily demonstrate the existence of optical pumping under SERS conditions. 
The large scatter present in the data renders the technique useless for the extraction 
of accurate and reproducible SERS cross-sections. 
5.4 Observation of optical pumping 
To prove the existence of optical pumping under SERS conditions using temperature 
dependence studies of the aS/S ratio, measurements at lower power densities and 
wider temperature ranges are required. This was achieved using the conventional 
Raman setup (see section 4.6) 
The increased sensitivity of the system allowed for lower power densities to be 
used reducing photo-bleaching and local heating effects to negligible levels as well 
as allowing measurements to be made down to 10K. It was at these low temper- 
atures that clear evidence for the existence of pumping was found. Performing a 
full temperature scan of p allowed the separation of resonance, heating and pump- 
ing contributions to the anomalous ratio. Improved modelling of the experimental 
data where the contributions of resonances, heating and pumping were considered 
separately allowed the extraction of SERS cross-sections. Power dependence mea, - 
surements made at low temperature in the pumping dominated regime agreed well 
with the temperature dependence results. The issues of estimating the vibrational 
lifetime, number of active molecule and photo-bleaching are considered in detail. 
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5.4.1 A possible solution - 
dence 
The aS/S temperature depen- 
The principles behind our experiments are introduced here and the results will be 
presented in the following section. The most general expression for p is given by: 
-F ors 
IL 
+ e- 
b£, ), lkB(T+1\T)- 
[ 
hWL (5.2) 
temperature dependence measurement overcomes many of the difficulties in- 
herent in a power dependence measurement performed at room temperature. For 
example, the main reason why vibrational pumping is so difficult to identify at higher 
temperatures is because it involves the study of small departures in mode population 
from the large thermal population already existing in the levels. Given the exponential 
dependence of the thermal contribution to the vibration population with tempera- 
ture it should be possible to reach a regime where thermal effects are expected to be 
completely negligible compared to any other mechanisms, and in particular pump- 
ing. The use of a fixed power throughout the measurement is required and this can 
be made as small as the signals allow. This reduces any possible contribution from 
heating to negligible and ensures that, the sample is as stable as possible. Thus we 
can for most situations assume that heating will be negligible meaning we can use: 
,oA 
TUSIL 
+ e- 
hw, IkBT 
[ 
1ýýL 
I 
(5.3) 
Figure 5.19 presents a schematic view of the possible results of a measurement of 
p as a function of temperature when no resonances are present (A = 1). The solid lines 
show the variation of the ratio with T when pumping is absent. In this case P decreases 
exponentially with T as expected from the Boltzmann factor exp(-hkUv1kBT). The 
dashed lines show the case when pumping is present. At high T's the ratio is approxi- 
mately the same as if pumping were absent and hence this is the thermally- domMated 
regtme. As T is decreased the thermal contribution decreases exponentially whilst the 
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Figure 5.19: Schematic diagram showing the temperature dependence of p for three 
characteristic Raman modes of RH6G with different degrees of pumping for each 
mode assuming that A=I for simplicity. The solid lines represent the ratio when 
there is no pumping. The dashed lines show the result of including pumping as 
given by equation 3.7. The cross-over point, T, between the pumping and thermally 
dominated regimes is indicated by the arrows. 
pumping contribution remains constant. Eventually the pumping and thermal contri- 
butions will become comparable and there will a cross-over to a pumping-dominated 
T-egZme, where the ratio reaches a plateau. The temperature at which this occurs is 
indicated by arrows in figure 5.19 and is referred to as the cross-over temperature T, 
The pumping and thermal terms in equation 3.7 will be comparable when: 
kBTcr "'- hýOv In 
&OL I (TOISIL)]- (5.4) 
where A is the asymmetry factor, 7 is the vibrational lifetime, 
o7s is the Stokes 
cross-section, IL is the intensity of the laser, &OL the energy of an exciting photon and 
h. w, the energy of the vibrational mode. A includes any possible difference between 
anti-Stokes and Stokes cross sections arising from resonance effect, s and the standard 
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wavelength dependence of Raman processes A, :::: -- (LI)L + _ýL, 
)41 (LOL 
_ _4ý1, /)4. 
It is 
convenient to modify this expression to: 
-r In(p) =a+ In [b +e zw, IkBT] (5-5) 
where a= In(A), and b= TUSILlhi'-YL which are the (dimensionless) fitted 
parameters. The T's of the vibrational modes are necessary to obtain the cross- 
sections. These values are estimated in two different ways: (i) the extraction of -F 
directly from the widths viaT- h1F and (Zi) the extraction ofT from the highest 
Raman active mode and the subsequent adjustment of the other cross-sections to 
agree with the relative integrated intensities. 
The cross-over occurs at higher temperatures not only for higher laser intensities, 
IL, for which the contribution of pumping is stronger, but also for higher energy 
peaks (with a larger hw, ), for which thermal excitation is weaker. In the pumping- 
dominated regime p is constant and given by: 
,o 
AT07SILI(hWL) - 
(5.6) 
As ILI(IkOL) can be estimated to a high degree of accuracy for a given exper- 
imental setup and if A=1, we can deduce the product Tas from the plateau in 
the aS/S-ratio below T, However, in general resonances play a large role under 
SERS conditions. In this case the value of A can be determined from the thermally- 
dominated regime. In practice, a fit of the experimental data to equation 5.5 over 
the whole temperature range with two parameters would enable the determination of 
both A andTors. 
Hence, temperature dependent measurements of p makes the investiýg-ation of 
optical pumping easier, more reliable and greatly simplifies the interpretation com- 
pared to power dependent studies. The appearance of plateaus for T<T, in an 
experimental measurement would represent a conclusive demonstration of pumping. 
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This would not mean that heating is absent, but simply that its effect on p relatiN-e to 
that of optical pumping contribution is negligible. Whilst any heating effects may af- 
fect the value of T, a plateau will only be observed if vibrational pumping is present. 
Hence, studies of the temperature dependence of p provide a conclusive demonstra- 
tion of vibrational pumping under SERS conditions. However, careful consideration 
of the estimation of the vibrational lifetimes, the number of active molecules and the 
magnitude of the cross-sections obtained is crucial for a comprehensive understanding 
of the process. 
Fitting the experimental data to equation 5.5 yields values for the asymnietry 
factor A andTas for each of the modes. Hence, an estimation of as requiresT. Kneipp 
et al estimated the lifetime to beT -10 ps without justification other than to sa. y that 
the it was on the order of experimental values for other molecules. However there 
are many drawbacks to this simplistic estimation such as inconsistencies between 
the cross-sections and the relative intensities of the modes. This can be greatly 
improved upon by measuring the vibrational lifetimes directly through time resolved 
spectroscopy [245]. However, this was not feasible in our case. 
One possible alternative is the estimation of the lifetime from the FWHM (IF) of 
the peaks usingT- h1F. However, Raman modes are seldom pure Lorentzians and 
have several contributions to their natural line widths[245] including (i) overlapping 
Raman modes, (ii) inhomogeneous broadening, (ffi) phase coherence relaxation, and 
(M) population relaxation. The last two are also known as the off-diagonal (dephas- 
ing) and diagonal (population) relaxation times in density matrix formalism[245], 
respectively, and are part of the homogeneous broadening of the peak[246]. These re- 
laxation times are different for each mode and cannot be separated from the observed 
line width in a plain SERS spectrum. Thus, an estimation0f Tdirectly from IF will 
be an underestimation and will result in cross-sections that are not entirely consistelit 
with the relative intensities of the Raman modes. Clearly the relative cross-sections 
of the modes must be in agreement with their relative integrated intensities. 
As a compromise we choose the Raman mode for which population relaxation 
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contributes most strongly to the width and use this as a reference mode to extract the 
values of the other cross-sections. We start with the highest mode because this will 
generally have the smallest contribution from other sources of broadening as more 
relaxation pathways to lower modes exist. Generally the contribution of the popula- 
tion relaxation to the linewidth will become more dominant at lower temperatures. 
Once the reference mode is chosen we can calculate its lifetime calculated ViaT - h, /F 
which is then used to determine the cross-sections of the i-th peak (a' ) through their S 
relative Stokes intensities from: 
ol z 
Ref. 
s Re f. S 1ý 
(5-7) 
where the cross-section and lifetime of the reference peak are o7 
Ref. 
, and T 
Ref. 
SI 
respectively and the Ii and Ref are the integrated Stokes intensities of the 1" peak 1ý * 
and the reference peak respectively. 
The lifetimes, T can only be larger or equal to that estimated from h1F'. Thus, 
to ensure the consistency of the obtained o7' , the T"s 
for each mode are checked to S 
ensure that they are larger than the value ofTobtained from their widths F'. If this 
is not the case, the choice of the reference mode was not the most appropriate. The 
strategy is then to go to the next lowest mode and repeat the estimation of lifetimes 
until this last condition is fulfilled. We refer to this method as the corrected lifetime 
method (CLM). 
For measurements of the same analyte adsorbed onto different substrates of 
the same material, where there is no reason to believe that the relaxation lifetime is 
different for the two substrates, we can compare the values of Tas directly. 
In the next section we present the experimental results of our investigation of p 
as a function of temperature. 
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5.4.1.1 Optical pumping in RH6G 
Figure 5.20 shows aS/S spectra for the 610 and 1650 cm-' Raman modes of RH6G 
on silver colloids for 676 nm laser excitation (Kr+-ion laser. IL = 1.6 x 108 NN-/M2 ) at 
two different temperatures. 
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Figure 5.20: Anti-Stokes (left) and Stokes (right) spectra for two widely separated 
modes of RH6G (610 cm- 1 and 1650 cm-1) under 676 nm laser excitation. 
Figure 5.21 shows the experimental values of o (ln(p)) obtained for four differ- 
ent modes of RH6G as a function of temperature for 676 nm laser excitation. The 
temperature at which crossover between the pumping and thermal dominated regimes 
occurs is shown by the vertical arrows. The cross-over clearly occurs at higher T's for 
vibrational modes with larger energies. The crossover temperature is roughly equiv- 
alent to the effective mode temperature Tff. The solid lines are fits using equation 
5.5. From the two parameters of the fit, an estimation of the vibrational lifetime. and 
the laser intensity IL, the SERS cross section can be determined. 
Table 5.2 shows the results of fitting the experimental data for RH6G taken Nvith 
the 676 nm line. A column with relative intensities and cross-sections among mo(le,, 1, -) 
also provided for completeness. The anti-Stokes cross-sections are obtained through 
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Figure 5.21: Anti- Stokes/ Stokes ratios (ln(p)) as a function of T for four modes 
of RH6G (676 nm laser excitation). Note that the crossover happens at different 
temperatures for different modes (vertical arrows), being at higher T's for larger 
vibrational energies. The crossover temperature is roughly equivalent to the effective 
mode temperature Tff. The solid lines are fits using equation 5.5. 
the Stokes ones via the fitted value of the asymmetry parameter A from equation 5.5. 
Figure 5.22 shows a power dependence study of Is and IS of the 610 cm-1 
Raman mode of RH6G using the 676 nm, Kr+-ion laser. The measurement was made 
at 20K in the pumping dominated regime. The anti-Stokes signal is quadratic as 
a function of incident power and is fitted with 1,, s = -yIL2. A plot of 1,, s on a log- 
log graph, shown inset of figure 5.22(a), confirms a linear slope of 2.1 ± 0.07 thus, 
confirming the quadratic dependence on IL 
fitted to Is = rIL. 
5.4.2 Discussion 
The Stokes signal is linear in IL and 
To overcome the effects of photo-bleaching, heating and sample non-uniformity. mea- 
surements were performed using a conventional Raman spectrometer as described in 
section 4.6. The benefits of this were threefold. Firstly, this allowed a much larger 
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u -I uv ddvu lw v 
Widths 
Mode 
(cm- 1) (X 10-11) 
T 
(PS) 
Rel. Is Rel. us ors (cm 
2) 
(>< 10-15) 
or a S, 
(CM2) 
(X 10- 15) 
610 25.6 0.8 0.9 11.5 6.0 22.0 
780 6.9 0.2 1.1 11.2 5.9 28.2 
1360 1.3 0.5 1.0 1.0 0.5 14.3 
1510 2.1 0.3 1.7 2.6 1.4 42.1 
1650 2.1 0.3 0.6 2.4 1.2 94.8 
Corrected 
Mode 
(cm- 1) 
b 
(X 10-5) 
T 
(PS) 
Rel. Is Rel. ors us (cm') 
(X 10 - 15) 
o, s (cm') 
(X 10- 15) 
610 25.6 10.4 0.9 0.9 0.5 1.7 
780 6.9 2.3 1.1 1.1 0.6 2.7 
1360 1.3 0.5 1.0 1.0 0.5 14.3 
1510 2.1 0.4 1.7 1.7 0.9 28.3 
1650 2.1 1.3 0.6 0.6 0.3 23.5 
Table 5.2: Values of b, T, Rel. Is, as and u,, s of the Raman modes of RH6G adsorbed 
on Ag colloids using the 676nm exciation. The values of us and u,, s are shown for two 
analysis schemes - (i) T's obtained from the FWHM of the peaks 
(ignoring dephasing 
contributions), and (ii) correctedT's accounting for the Rel. Is. 
area of the sample surface to be illuminated increasing the averaging over the various 
local geometries. Secondly, the use of a much more sensitive spectrometer allowed 
much lower power densities to be used at the focal point reducing both the effect of lo- 
cal heating and photo-bleaching as well as improving the signal to noise ratio. Finally, 
the closed cycle cryostat allowed a much larger temperature range to be interrogated. 
Figure 5.20 shows aS/S spectra for the 610 and 1650 cm-1 Raman modes of 
RH6G on silver colloids for 676 nm laser excitation (Kr+-ion laser. IL = 1.6 108 
W/m') measured at 300 and IOK. At, 300 K the peaks show the normal aS/S ratio 
modified by the asymmetry factor A only. The Stokes side remains relatively constant 
throughout the measurement as can be seen in the figure. At T =150 K (not shown) 
an anomalous relative intensity between the two peaks on the anti-Stokes side can 
already be seen while the anti-Stokes signal of the 610 cm-1 mode has decreased the 
1650 cm-1 mode still remains visible. This is because the pumping term already dom- 
inates at this temperature for this mode whilst the 610 cm-1 mode is still dominated 
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Figure 5.22: (a) Anti-Stokes signal power dependence at T=20 K with the corre- 
sponding Stokes intensity in (b). From a quadratic fit of the data in (a) and a linear 
fit of the data in (b) the SERS cross section can be obtained. The inset in (a) shows 
the power dependence of -[,, s on a 
log-log plot, from where a linear fit with a slope of 
- 2.1 ± 0.07 is obtained, thus showing the expected quadratic behaviour. 
by thermal contributions. At T= 10 K, the anti-Stokes signals of both peaks are 
almost comparable in size despite the Boltzmann factors for these two peaks being 
, 10-38 (610 cm-1) and - 10`00 (1650 cm-1) at 10 K. It is only because of optical 
pumping that they are still visible. 
The full temperature dependence measurements of p shown in figure 5.21 dis- 
play clear crossovers between the pumping and thermally dominated regimes. The 
crossover happens at higher temperatures for higher energy modes, as expected. The 
observation of a clear crossover between the two regimes is a conclusive demonstra- 
tion of the existence of optical pumping, unlike those results shown in the previous 
section, a full model which takes the contributions of pumping and thermal effects 
separately can be used. Fitting the data to equation 5.5 gives excellent agreement 
between theory and experiment and from this we can obtainTas and eventually 07, 'ý 
if the lifetime is estimated. 
The results of fitting the experimental data for RH6G taken with the 676 nm is 
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shown in table 5.2. This gives a better idea of how reliable these numbers are and 
how differences among them should be interpreted. The relative cross-sections should 
be in agreement with the relative intensities as they are directly related. We can see 
from the data that the cross-sections estimated directly from the widths normally 
produces values that are not consistent with the relative integrated intensities of the 
peaks. These results prove that the estimation of the lifetime is a crucial step in 
extracting the cross-sections from the experiment. The values should be interpreted 
within this assumption, and their validity should be assessed on a case-by-case basis. 
The preferred method for estimating the vibrational lifetime is the CUM (see page 
129) which ensures the relative cross-sections agree with the relative intensities of 
peaks. 
The main source of error for the results shown in tables 5.2 is systematic rather 
than statistical, and mainly derives from the estimation ofT. Error bars for these 
systematic errors are not easy to obtain from the data, as they depend on the relative 
contribution to the FWHM of population relaxation and dephasing, which is unknown 
and changes from mode to mode. The number of significant figures has been decided 
by the range of values for a given group of modes and laser excitation. The order of 
magnitude of these values deserves a special comment. The analysis in section 3.71.4 
shows that the calculated values are expected to represent something close to the 
maximum available enhancement in these samples. In addition, the fact that Tcould 
be in general underestimated means the method presented here leads automatically 
to an overestimation of a. Finally, the values of u, s are obtained from those of as 
via the asymmetry factor A which introduces further error. As a result, we expect 
the cross-sections obtained to be: (i) At the higher end of what is known for HS's 
in SERS for as and, (ii) with a larger error for the anti-Stokes values which use the 
estimation of the asymmetry parameter (A) twice; the first time when O's is obtained 
through the fit of ln(p) vs. T and the second time when u,, s is obtained from ors. 
Table 5.2 shows cross-sections are at the higher end of what is commonly accepted for 
SERS enhancements. The most consistent set of values are obtained for (TS using the 
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CLM and are of the order of ez--ý 
10-15 CM2. In exceptional cases. cross-sections of the 
order of , 
10-11 CM2 are obtained, which are still expected if we take into account 
that the estimation is for HS's and that the values are upper bounds. Unrealistically 
large values of as beyond that should be interpreted as a reflection of the limitation 
of the technique in general. Even for these cases, it is still possible to compare To,,,; 
(or ATas) for the same modes in different substrates providing a relative comparison 
of performances [1] - 
An interesting consistency check can be made by performing a power dependence 
measurement of Is and Ls in the pumping dominated regime. A value 07S can be 
extracted from these measurements and compared to the values obtained with those 
from the temperature scan. An example of this is shown in figure 5.22 for the 676 nm 
excitation and the 610 cm-1 mode of RH6G. The Stokes signal is fitted to Is == NIL 
and the anti-Stokes to 1,, s == -jL. From the ratio -ý/K = AusTI(hWL) and a knowledge 
of the asymmetry factor A and the lifetime T, the Stokes cross section as can be 
obtained. The asymmetry factor A can be obtained from either a measurement at 
room temperature, where the second term in equation 5.5 dominates, or by using the A 
obtained from the temperature scan. From here we obtain as (7.6 ± 2.2) 10 - 15 CM2. 
This is in excellent agreement with the temperature scan as (6-0 ± 1-3) 10- 1-7) CM2. 
This shows an internal consistency of the method and its interpretation, with SERS 
cross section being consistent by different approaches. 
5.5 Estimating the cross-section for other resonant 
analytes 
With the method established we proceeded to characterise the SERS cross-sections 
for several common SERS analytes. These measurements were performed using the 
conventional Raman setup as described in section 4.6 with 64 7 and 6 1-6 nm excit at ion 
for the resonant molecules RH6G, CV and DODC. 
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Figure 5.23: AS/S ratios (ln(p)) as a function of T for two modes of CV and DODC 
taken using 676 nm excitation. The arrows indicate the crossover points between the 
thermal and pumping dominated regimes. Solid lines and dashed lines in the CV and 
DODC datasets respectively are fits to Eq. 5.5. Solid lines in DODC datasets are fits 
to Eq. 5.8 with AT = 50. 
Figure 5.23 shows the aS/S-ratios (ln(p)) vs. T measured using the 676 nm line, 
for two modes of CV and DODC. CV was well represented by fitting the experimental 
data to equation 5.5 which is shown by the solid line on the CV plots. However. 
fitting the experimental data for DODC to equation 5.5 gave a poor fit as shown 
by the dashed line in the DODC plots. Modifying equation 5.5 to account for local 
heating gives: 
-r In(p) = a+ In [b +. 
&u, /kB(T+AT) (5.8) 
where AT is the temperature rise above the bath temperature. Refitting the 
DODC data to equation 5.8 with AT - 50 gave a much better fit as shown by the 
solid lines in the DODC plots. This shows that the full separation of the contributions 
of resonances, heating and pumping can be acheived by studying p as a, function of 
temperature. The arrows indicate the cross-over points (T,, ) between the thermally- 
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dominated and pumping- dominated regimes for all modes. T, occurs at higher T's 
for higher energy modes, as expected. The fact that pumping is observed for each of 
the modes indicates that the effect is fairly general and should be observable for a 
large number of analytes provided that as is large enough to make pumping visible 
at, moderate power densities. 
647 nm 676 nm 
Mode 
(cm- 1) 
US (CM') 
(X 10 - 15) 
or, 's (CM') (XIO-15) 
b 
(X 10-5) 
us (CM') 
(X 10- 15) 
US (CM') 
(X 10- 15) 
b 
(X 10--5) 
RH6G 
610 0.9 4.7 48.5 0.5 1.7 25.6 
780 2.2 12.0 27.6 0.6 2.7 6.9 
1360 1.7 14.3 4.0 0.5 14.3 1.3 
1510 2.6 36.8 5.7 0.9 28.3 2.1 
1650 3.1 57.8 21.4 0.3 23.5 2.1 
DODC 
875 2.1 15.3 20.4 1.8 18.8 36.0 
925 2.0 19.5 16.3 1.9 19.4 42.7 
965 2.0 18.9 13.9 2.2 29.8 22.9 
1128 2.9 27.2 9.8 3.4 67.6 11.1 
1375 1.5 11.7 2.8 2.0 53.7 3.8 
cv 
760 1.0 1.3 93.5 0.1 0.25 57.4 
805 8.0 10.6 74.7 1.7 3.2 31.7 
910 2.8 4.8 124.1 0.5 1.9 7.1 
1175 14.2 22.4 18.0 2.1 15.2 6.5 
1292 2.7 4.5 8.4 0.8 2.3 4.1 
1620 4.6 10.5 10.0 1.0 16.2 2.2 
Table 5.3: Values of as, or,, s and b for the Raman modes of CV, RH6G and DODC 
adsorbed on Ag colloids using 647 and 676nm excitation extracted from measure- 
ments of p as a function of T using Eq. 5.5 (or Eq. 5.8 for DODC) and estimatingT 
using the CLM. 
Table 5.3 shows the cross-sections obtained for RH6G, DODC. and CV for the 
647 and 676 nm excitations for different modes. Although the measurements were 
restricted to only two excitations to ensure that the samples were stable, they still 
provide a hint of the resonance contributions to the cross-section. All the cross- 
sections were obtained by the CLM analysis. 
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The main conclusions of these experiments can be summarised as follows: (i) 
RH6G shows larger cross-sections at 647 than at 676 nm. This is consistent with a 
resonant increase known to exist in RH6G towards the yellow part of the spectrum. 
(U) Both DODC and CV experience larger cross-sections at 676nm, consistent with 
the maximum of the absorption of these dyes being at longer wavelengths with respect 
to RH6G and, therefore, having a much more red-shifted resonant interaction than 
RH6G- (iii) Although there is some variation from mode to mode, it is generally true 
that CV experiences the largest cross-sections in this near-IR region. 
5.6 Estimating the cross-section for nonresonant 
analytes 
Nonresonant molecules present a greater challenge to the technique due to smaller in- 
trinsic cross-sections. Measurements performed on the nonresonant molecule adenine 
showed no indication of pumping suggesting that the SERS cross-section was too low. 
Despite this we continued with benzenethiol which proved more successful. The ben- 
zenethiol was mixed with silver colloids, to which it, binds strongly through the thiol 
group forming a surface complex, and dried onto a silicon substrate. The sample was 
then mounted in the closed cycle cryostat and cooled to IOK. Raman measurements 
were made using 514,647 and 676nm excitation. Anomalous anti-Stokes intensities 
were observed but only at much higher power densities than were required for the 
resonant molecules. The sample was found to degrade quickly for 514nm excitation 
and no reliable measurement of the anomalous anti-Stokes intensities could be made. 
The sample was much more stable under 647 and 676nm excitation and measure 
ments were made with power densities of 6.6 x 104 W/CM2 and 1.2 x 105 respectively. 
Despite higher power densities the spectral features were of relatively low intensity 
compared to the measurements with the resonant molecules indicating significantly 
lower cross-sections. The stability of the samples at high power allowed p to be mea- 
sured as a function of temperature for both 647 and 676nm excitation. Figure 5.24 
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Figure 5.24: Temperature dependence measurement of In(p) for two modes of ben- 
zenethiol adsorbed on silver colloids measured with 647nin excitation. The blue and 
red lines represent fitting the data with equations 5.5 and 5.8 respectively whilst the 
black line represents the case of no pumping. See text, for further details. 
shows the temperature dependence of p for the 995 and 1015 cm-1 modes of ben- 
zenethiol taken using 647nm excitation. It is clear that the data is increased above 
the theoretical rat, io expected for a nonresonant molecule. The temperature depen- 
dences taken using the 676nm laser were similar to those obtained with at, 647nm 
except, that a lower signal to noise ratio was obtained as less power was available. 
Data was fitted according to equations 5.5 and 5.8 the results as shown by the 
blue and red lines in figure 5.24 respectively. Values of Twere estimated using the 
FWHM rather than the CLM due to the lack of modes. Although higher laser in- 
tensities were used no significant heating is detected. Values of A. 07s. (T, s and b 
extracted from the data using equation 5.5 are shown in table 5.4. The measured 
cross-sections are between I and 2 orders of magnitude lower than those obtained for 
resonant molecules in line with expectations. However, surprisingly the non-unitary 
values of A indicate resonant or preresonant conditions. There are several possible 
explanations for this resonance. Although isolated benzenethiol is non-resonant, the 
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0 100 200 300 
647 nm 6 76 nm 
Mode A Ors (CM') us (cm') b A Ors (cm 
2) OaS (CM2) b 
(cm- 1) (X 10 - 17) (X 1() - 17) (X 1()-5) (X 1() - 17) (X 10-17) (X 10--5) 
995 2.9 2.5 7.4 9.8 2.8 15.9 44.1 35.8 
1015 3.2 1.8 5.5 6.8 3.1 12.5 38.4 '28.1 
Table 5.4: Values of A, ý7Si 07as and b for the Raman modes of benzenethiol adsorbed 
on Ag colloids for 647 and 676nm excitation. The values were extracted from tem- 
perature dependence measurements of p for each mode by fitting the experimental 
data to equation 5.5 and estimatingTusing the FWHM- See text for further details. 
molecule binds strongly to the metal forming a metal-analyte surface complex. This 
may drastically change the vibrational and electronic levels within the molecule creat- 
ing new resonance conditions as discussed in section 3.2. Another possible explanation 
is the effect of the image dipole on the polarisability of the molecular vibrations in 
close proximity as discussed in sections 3.1 and 5.1.6. Finally, the aggregation of the 
silver colloids may have led to the resonance responsible. Further measurements are 
required to clarify these results. 
5.7 Measuring cross-sections of other SERS media 
Perhaps the most important application of this technique is the char act erisat ion of 
different SERS active media. To address this, we performed measurements using 
RH6G adsorbed on 20nm gold colloids, silver colloids and substrates of fixed Ag 
toroids. These measurements were made using the Raman microscope as described 
in section 4.5 using the 633 nm laser. The high laser intensities required to overcome 
the reduced sensitivity of the spectrometer, results in a much larger rate of photo- 
bleaching. This makes the following results much more speculative and open to 
error. However, despite these difficulties, the results do provide some insight into the 
characterisation of substrates using this technique. 
The results of fitting the data obtained from the different substrates to equa- 
tion 5.5 are shown in table 5.5. The asymmetry factor (A) varies widely for all 
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Mode -F (s) A blIL US (CM2) T (S) A blIL Os (cm 
2) 
(cm- 1) (X 10 - 12) (X 10-27) (X 10- 15) (>< 10- 12) (X 10-27) (X 1()-1,5) 
Ag Colloids Ag Toroids 
610 18.7 2.5 37.3 1.99 10.0 2.3 11.9 4.19 
780 6.06 3.2 14.1 2.32 3.82 3.1 18.2 4.76 
1310 1.57 3.2 4.24 2.70 0.71 1.7 3.57 5.00 
1360 0.42 4.1 1.68 3.98 0.24 2.7 2.42 10.2 
1510 0.36 3.5 2.19 6.08 0.31 2.0 4.09 13.3 
1650 0.99 4.6 3.30 3.35 0.76 3.3 5.53 7.31 
Au Colloids 
610 11.2 1.5 5.68 0.51 
780 2.93 2.1 1.99 0.68 
1310 2.31 1.3 1.43 0.62 
1360 0.31 1.6 0.34 1.09 
1510 0.39 3.2 0.19 0.50 
1650 0.86 1.6 0.88 1.03 
Table 5.5: Values ofT, A, b1IL and as for the Raman modes of RH6G adsorbed on 
different substrates using the 633 nm laser. The values were extracted from the tem- 
perature dependence of p for each mode by fitting the experimental data to equation 
5.5 and estimatingTusing the CLM with the 1360cm-1 mode set as the reference. 
substrates. We have included the ratio (blIL) which is in fact the most direct mea- 
sure of the performance of the different substrates. The Raman-Stokes cross-section 
immediately follows. As we have found previously the values are larger than expected 
based on previous estimates in the literature. However, as we have discussed, these 
are estimates of the maximal enhancements present within the samples. Comparing 
the results for the different substrates, we see that the silver substrates are approxi- 
mately an order of magnitude more highly enhancing than the gold substrate at this 
wavelength consistent with previous observations [31,247,248]. 
These results indicate the SERS substrates made from the same metal have sim- 
ilar values of maximum enhancement. This is an unexpected result as enhancement 
factors are predicted to be strongly dependent on the geometry. There are three pos- 
sible explanations for this. Firstly, these measurements are biased towards the highest 
cross-sections present within any particular sample. It is possible for substrates made 
of the same material to have similar maximal values of enhancement. A second is 
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the effect of photo-bleaching. Although these measurements have been performed 
under vacuum, the high intensities required inevitably result in a significant amount 
of photo-bleaching. This may be artificially limiting the cross-section of molecules' 
probed by photo-bleaching more highly enhanced molecules as discussed in the next 
section. Finally, it may be that the substrates investigated are not significantly dif- 
ferent geometrically on the scale of the measurement. _NMore 
detailed measurements 
using a conventional Raman setup, possibly with substrates with more controllable 
geometries are required to clarify this point. 
5.8 Pumping and Photo-bleaching 
It is of critical importance that the sample remains stable over the entire length of the 
experiment. Throughout all the measurements described above, different integration 
times were used depending on the specific sample to achieve a good signal to noise 
ratio. Power densities were kept to a minimum compatible with the observation of 
pumping and exposure of the sample to the laser was minimised whilst T was changed. 
However, due to the long integration times involved for many of these measurements, 
these precautions are not always sufficient. In particular, measurements involving 
RH6G using the Raman microscope setup with the 633 nm laser as described in 
section 4.5 can easily be strongly affected by photo-bleaching even at the lowest 
power densities. 
Figure 5.25 shows a power dependence measurement of p and Raman intensities 
for the 610 cm-1 mode of RH6G using the 647 nm laser. This measurement has 
been taken using the conventional Raman spectrometer (see section 4.6) allowing the 
measurement to be made over a wide range of power densities. The temperature was 
reduced to 20K to ensure that p is dominated by optical pumping effects. In this 
particular measurement, two regimes are clearly seen. At low power photo-bleaching 
is negligible (A) and the ratio increases linearly with power as expected. As the power 
is increased the effect of photo-bleaching becomes more pronounced (B) and the ratio 
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Figure 5.25: Power dependence measurement of the aS/S ratio and Raman intensities 
of the 610 cm-1 mode of RH6G using the 647 nm laser made in the pumping regime at 
20 K. At low power, photo-bleaching is negligible (A) but becomes more significant as 
the power is increased (B). Although the change here is quite sharp, this is generally 
not the case. The inset shows the monitoring of the integrated Stokes intensity of the 
610 cm-1 mode of RH6G at low and high power. At low power the Raman intensity 
is remarkably stable whilst at high power the intensity is seen to rapidly decrease. 
gradually begins to be affected. This suggests that the hottest sites photob-leach first. 
The inset to figure 5.25 shows the integrated Stokes intensity of the 610cm-1 mode 
as a function of time for two different incident intensities deep in the two regimes 
using 633 nm excitation. The intensity is stable over long periods of time at low 
power densities. However, when the power is increased the signal rapidly decays 
over time when photo-bleaching is significant. During the course of the temperature 
dependence studies of p, samples are exposed to the laser for long periods of time 
making the correct choice of power density critical. 
There are many possible photo-bleaching mechanisms that can play a role under 
SERS conditions. For many applications it is convenient to perform measurements at 
room temperature. One possible way to reduce the effect of photo-bleaching at high 
temperatures is to remove oxygen which is known to accelerate photodecomposition. 
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Figure 5.26: Monitoring the Stokes and anti-Stokes intensities for the 610 cm-' RH6G 
mode under air and nitrogen atmospheres at 300K using the Raman microscope and 
the 633nm laser. Each measurement was taken at a different location on the sample 
surface. A clear reduction in the rate of photo-bleaching is observed for samples in a 
nitrogen atmosphere. 
We investigated this by performing measurements in a nitrogen atmosphere or in 
vacuum. These measurements and all those following have been taken using the 
Raman microscope setup as described in section 4.5 with the 633 nm laser set to a 
sufficient power so as to cause significant photo-bleaching (i. e. regime B). 
Figure 5.26 shows the integrated intensities of the Stokes and the anti-Stokes 
of the 610 cm-' Raman mode of RH6G as a function of time for samples in air and 
nitrogen atmospheres. There is a clear reduction in the photo-bleaching effect for 
both the Stokes and the anti-Stokes intensities when the measurement is performed 
under nitrogen confirming the significant role that oxygen plays in SERS measure- 
ments. Similar results are observed for measurements performed under vacuum. This 
represents a simple method for the reduction of photo-bleaching. 
Understanding the effects of substrate uniformity and temperature on the rate of 
photobleaching is also important. Figure 5.27 shows several measurements monitoring 
the integrated intensity of the 610 cm-1 mode of R6HG over a range of temperatures 
from 300 K to 80 K. All measurements have been performed using the 633 nm laser 
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Figure 5.27: Monitoring the integrated intensity of the 610 cm-1 mode of R6HG over 
two minutes from 300 K to 80 K using the 633nm laser. The focal point of the laser 
was moved for each measurement. Although the rate of photo-bleaching generally 
decreases with temperature, several exceptions are observed. 
with intensity sufficient to cause photo-bleaching. The focal point of the laser has 
been moved for each measurement. There is a general trend for the rate of photo- 
bleaching to decrease as the temperature is decreased. However, there are several 
exceptions such as an increase in the rate of photo-bleaching as the temperature is 
reduced from 125 K to 100 K. We believe that the reason for this is the changing local 
conditions as the focal position is changed. 
These results clearly show that the ratio, and hence the cross-section extracted 
from any measurement of the ratio, is dependent on the power at which a meaý 
surement is made. Thus, careful consideration of integration times, experimental 
conditions and laser intensities for any measurement is of critical import, ance for the 
avoidance of artefacts associated with phot o-ble aching - 
This is clearly an important 
and interesting area of activity which we flag up in the future work section. Time 
constraints prevented further investigation here. 
13 
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5.9 Conclusions 
The results presented in section 5.1 show that although a hierarchy of optical reso- 
nances exist under SERS conditions, the aS/S ratio measures a relatively sharp feature 
sitting on top of a broad featureless enhancement. In metallic disordered structures 
typical of those used in SERS there is a broad distribution of coupled plasmon res- 
onances which make a significant contribution to the electromagnetic enhancement. 
Although this resonance will contribute to the asymmetry between the anti-Stokes 
and Stokes intensities, the inherent breadth due to the distribution of geometries will 
make this difficult to detect. Thus, additional resonance contributors can modulate 
the total resonance profile. We summarise the results of our investigation of the 
various contributions here: 
Reproducible shifts in p as a function of laser wavelength have been observed 
for all resonant molecules investigated. The similarity of the shift regardless of 
the absorption profile of the analyte suggests that the absorption profile of the 
sample is not directly related to the intrinsic resonance of the molecule itself. 
Measurements of RH6G on several SERS active substrates which are geomet- 
rically distinct were carried out to evaluate the role of the coupled and sin- 
gle plasmon. Although it is difficult to make a direct connection between the 
topological differences and corresponding distribution of coupled plasmons, re- 
flectance measurements indicate that there are significant differences between 
the plasmon characteristics of the samples. Despite this difference, similar aS/S 
ratios were observed for each of the substrates suggesting that the coupled and 
single plasmons do not significantly affect the resonance profile of the sample. 
aS/S ratios of nonresonant molecules agree with the theoretically expected val- 
ues suggesting that the observed anomalous behaviour is dependant on the 
characteristics of the analyte itself. 
Only through the consideration of the interaction of the analyte with the metal- 
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lie surface and the subsequent modification of the intrinsic analYte resonance 
can the observed trends be explained. 
Surprisingly we find that, the optical response of several dyes modified I)y prox- 
imit, y to the metal surface lie in a similar range. Overall these results demonstrate 
that the aS/S ratio may be used to map the optical properties of the under-lying 
resonance profile for resonant dye molecules but not nonresonant molecules. Many 
SERS applications use dyes for detection, the method we have outlined here would 
allow experimentalists to identify the optimal frequency to maximise the resonant 
condition. 
In section 5.2 we presented our studies of p as a function of power using rho- 
damine 6G (RH6G) adsorbed onto silver colloids in solution with the 514nm and 
633nm lasers. These proved to be inconclusive as a demonstration of optical pump- 
ing. The contributions of heating and resonance effects could not be determined by 
such a measurement and the results were found to be highly irreproducible. Because 
of these difficulties it was concluded that power dependence studies of p were not 
suitable for the observation of optical pumping. 
To overcome these difficulties, p was studied as a function of temperature for low 
intensity excitation, reducing the effects of heating and photobleaching. Our initial 
experiments were performed on samples of RH6G adsorbed onto silver colloids using 
the confocal Raman microscope. These were presented in section 5.3. Temperature 
dependence studies over extended temperature ranges allow the contributions to be 
decoupled. However, measurements using aqueous solutions are limited by the tem- 
perature range available. Greater temperature ranges are possible with dried samples 
however, initial measurements with the Raman microscope remained inconclusive due 
to photodecomposition of the sample. 
Further experiments were carried out using a conventional Raman spectrometer 
with a higher sensitivity which allowed measurements to be made Nvith lower power 
densities over a larger temperature range (10 to 300 K) as presented in section 5.4. 
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Anti-Stokes signals were found to be clearly visible at IOK where the thermal con- 
t, ribution is effectively zero. These signals showed that optical pumping was present 
and indicated that the contribution was far greater than previously assumed. A full 
temperature dependence allowed as to be determined accuratelv once Thad been 
estimated. Subsequent measurements demonstrated the technique for the resonant 
molecules AF488 and crystal violet as well as the nonresonant molecule benzenethiol 
as shown in sections 5.5 and 5.6 respectively. Cross-sections of the order of 10" cm' 
for resonant molecules and 10-17 CM2 for nonresonant molecules were extracted from 
the measurements and compare well to the highest cross-sections estimated from 
single molecule SERS experiments[19,20]. Measurements on different substrates, 
presented in section 5.7, indicated that the technique is only sensitive to the highest 
enhancement probed and that these enhancements are similar for substrates of the 
same material independent of geometry for the limited number of substrates studied 
to date. Although the samples share similar maximal enhancements, the distribution 
of enhancements is usually different. Finally, in section 5.8 we presented prelimi- 
nary measurements that suggest it may be possible to determine the distribution of 
enhancements for a given sample using photo-bleaching in conjunction with p. 
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Chapter 6 
Results - Anti- Stokes/ Stokes ratios 
0 
in the single molecule regime 
Before we start with this topic we should say that this chapter is quite separate to 
other parts of the thesZs. We Mclude it here because Zt addresses the Zmportant issue 
of study in the single molecular lZmZt. This is the only part of the thesis that addresses 
SM concentration IZ'mZts. 
In recent years, clear evidence for the detection of single molecules under SERS 
conditions has been presented in the literature. However there remazn many outstand- 
ing Zssues Mcluding; (i) single molecule vibrational pumping and/or single molecule 
laser heating, (ii) the statistics of hotspots M the liquid, and (iii) aSIS asynmýctl-y 
anomalies. SERS of dyes in solution provides a unique opportunity to study the differ- 
ence between ensemble averaged spectroscopic signals and sZngle molecular ece0s. Io 
this section, we present results in the single molecule regime with the atm of clal'ifyl'og 
these issues. 
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6.1 Fluctuations 
Samples were prepared for SM detection by mixing silver colloids with RH6G and 20 
mM KCI to give a final solution with a RH6G concentration of 10 ii-M. Measurements, 
were taken in solution using the Raman microscope as described in section 4.5 witli 
a 100x immersion objective index matched to water. A spectrum is taken everY 0.1 
sec with the CCD centred on the vibrational modes of interest using the 633 nm 
excitation with 2 mW power at the focal point. 
Although it is difficult to precisely determine the scattering volume being in- 
terrogated during the measurement, we can extrapolate the characterisation of the 
scattering volume using the 10x objective presented in section 4.7. Thus we assume a 
scattering volume of ý-, a 2.6 x 10-12 cm'. Given a concentration of 10" colloids/CM3 
in the original solution we have an average of 0.25 colloids in the scattering volume. 
This means that, in the best possible situation, we might see two colloids coming 
close to each other in the scattering volume in the neat solution. This is not the 
ideal situation for hotspot formation and is made worse as the colloids are negatively 
charged resulting in a minimum screening distance below which the colloids cannot 
approach each other. Addition of KCI nucleates small clusters of colloids up to a 
certain size which remain in solution. Assuming an average of 3-4 colloids per cluster 
gives an average of approximately 0.05 clusters in the scattering volume making these 
relatively rare events. We can also use this analysis to estimate the number of mole- 
cules of RH6G present in the scattering volume at any time as - 50 - 100 molecules. 
Figure 6.1 shows a typical monitoring of the signal with the objective immersed in a 
solution of 10 nM RH6G and silver colloids. 
Figure 6.2 shows selected transient single molecule spectra taken in the liquid 
where the relative intensities of different peaks are compared. The relative intensitieS 
of the two modes highlighted in figure 6.1 are explicitly compared in three different 
selected spectra in figure 6.2(a), (b), and (c). Even larger fluctuations in relative 
intensities are seen for modes separated by larger energy differences. as shown in 
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Figure 6.1: Raman fluctuations observed in a 10 nl\,, I RH6G SERS active solution. 
Measurements were taken over 25 seconds with an integration time of 0.1 sec. The 
CCD was centred at 1360 cm-1 on the Stokes side of a 633 nm HeNe laser (2 mW). 
Note the presence of isolated single-molecule events separated by regions with zero 
intensity. The relative fluctuations of the two peaks labelled with arrows are shown 
in niore detail in figure 6.2. 
figure 6.2(d), where the relative intensity of the 610 cm-' mode is compared to the 
intensity of the higher frequency modes at 1360 and 1510 cm-1. 
6.2 Discussion 
The scattering volume, as measured in section 4.7, together with the concentration 
of molecules and colloidal clusters allows us to conclude that hot-spots are effectively 
rare events and that not all molecules transiting the scattering volume are observed. 
lf every molecule were observed we would measure the integrated signal of - 50 - 100 
molecules. Monitoring the signal over a period of time, as shown in figure 6.1, shows 
that this is not the case. The signal completely disappears in between spectra that 
show very large and clear Raman signatures of RH6G. The obvious reason for the 
infrequency of hotspots is the lack of small clusters in the liquid, produced by the 
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Figure 6.2: (a), (b), and (c) show three examples of relative fluctuations between the 
1360 and 1510 cm-'. Three different situations of larger, smaller and similar relative 
intensities of one with respect to the other can be observed. Larger fluctuations in 
relative intensities can be observed for peaks further away in energy. An example is 
shown in (d) between the 610 cm-1 mode (of Ag-symmetry like the others) and the 
group of peaks around 1400 cm-1. Changes in relative intensities up to a factor of 
4-5 can be easily observed as a function of time. 
presence of KCL The results here show the importance of understanding the problem 
of the relative concentrations of analyte and clusters. A SERS signal cannot be 
observed if either one or the other is missing and although the number of molecules 
expected in the scattering volume is much greater than one, we can infer from the 
data in figure 6.1 that these are truly single molecule events. From the sparse nature 
of the data we can conclude that two- or more molecule events are extremely rare. 
We are in the limit in which a histogram of intensities of a single peak for a long 
period of time reveals no substructure of two or three molecules scattering events, as 
demonstrated previously [249]. 
Perhaps the most interesting observation that is different from the ensemble 
average is the changes in the relative intensities of various peaks. It is well known 
for RH6G that the most intense Raman modes come from totally symmetric (Ag) 
modes of stretching in-plane C-C vibrations of the main backbone[250,251,2521. The 
structure of RH6G can be thought of as a combination of a main backbone with a side 
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Figure 6.3: Three examples of transient aS/S signals (recorded simultaneousl * y). 
If 
fluctuations were dominated by optical pumping larger signals would correlate with 
larger aS/S-ratios. However, this is not observed all the time. In these three exam- 
ples (c) is actually the one with the largest aS/S ratio, while (b) is the one with the 
smallest. These single molecule data show that aS/S-ratios are a very unreliable mea- 
sure of temperature and the intensities are mostly dominated by the hidden surface 
resonances of the two peaks with the environment. 
moiety resembling ethyl benzoate. The intense Raman modes come from the backbone 
and are all represented by a highly uni-axial Raman tensor[250,251]. Vibrations 
with a highly uni-axial tensor show a depolarization ratio p= Ii-IIII = 1/3 for 
large ensemble averages, where Ij_ and III are the perpendicular and parallel polarised 
Raman intensities from a homogeneous liquid[253]. 
Figure 6.2 shows that the relative intensities of different modes vary considerably 
in the single molecule limit. If different vibrations had Raman tensors of differing 
symmetries, and the signal originated from only one molecule, it could be argued 
that the relative intensities of the modes correspond to the specific orientation of the 
molecule with respect to the laser beam at the moment the scattering event occurred. 
The fact that the symmetry of the modes is the same precludes an explanation of 
this effect in terms of purely orientational effects. 
Alternatively we can consider the nature of the colloidal clusters. We can as- 
sume that each colloidal cluster interrogated during the course of the measurement 
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is a different cluster with a different specific geometry compared to all the others. 
Thus the specific plasmon resonance characteristics and hot-spot conditions of each 
measurement will be different. Changes in the orientation of the molecule compared 
to the metal surface can also be expected. These differences will result in a corre- 
sponding variation in the plasmon characteristics for each measurement and hence a 
different resonance profile. We believe that this is the cause of the fluctuations in the 
relative intensity of the modes in the single molecule regime. 
This thesis has concentrated on the use of aS/S ratios as a measure of vibrational 
pumping. However, the relative fluctuations in the peaks intensity arising from the 
fluctuating resonance conditions can produce completely artificial results at the single 
molecule level. Figure 6.3 shows three examples for the 633 nm laser. The aS/S-ratio 
can be influenced by direct Raman pumping, local heating and resonances. Thus, 
events with larger Raman intensities on the Stokes-side will have a larger contribution 
from pumping, resulting in a larger aS-signal and a larger aS/S-ratio. This is not, 
what is observed in many transient spectra, as shown in figure 6.3. There are many 
situations in which a large signal on the Stokes side is actually accompanied by a 
small aS/S ratio or vice versa. It is clear that the ratio is strongly influenced by the 
fluctuations in the plasmon resonances which occur under single molecule conditions. 
Since we cannot trust the aS/S ratio as a measure of heating or pumping in the 
single molecule limit alternative techniques were required for this unique regime. 
The frequency and width of Raman modes are also sensitive to the vibrational 
population and consequently heating and pumping effects. There are three main 
possible mechanisms for single molecule laser heating: (i) non-resonant Raman vi- 
brational pumping and relaxation of pumped vibrations through anharmonic inter- 
actions, (it) direct photon absorption followed by fluorescence emission and internal 
conversion of energy to vibrational degrees of freedom, and (iiz) heating from the 
environment. If direct photon absorption is present it completely dominates over 
Raman pumping due to the relative difference in efficiency between direct absorption 
and third order-Raman processes. Both mechanisms are fast with Raman processes 
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being instantaneous and the lifetime of excited states in dyes being sub-nano second. 
In the t, ime scale of the CCD readout (0.1-1 sec) these processes have enough time to 
occur and achieve thermalisation. 
As the higher energy levels in a molecule are populated due to optical pumping 
in the presence of high enhancements, the possibility of an incoming photon scattering 
from a molecule in the higher state is increased. As the energy of the vibration is 
governed by an anharmonic potential, the higher states will have a slightly lower 
energy separation. In this manner, a shoulder is added to the main Stokes peak and 
a small "red-shift" towards the low energy side of the main line should develop. This 
contribution should be small, because the 0 --> I transition dominates but may be 
revealed, in principle, by a difference spectrum, as shown by Kneipp et al. [I] 
For anti-Stokes scattering, we expect the scattering process I --> 0 at hwo to 
be the dominant process. Even when the v=2 is being populated in the double 
pumping process 0 --> 1 --ý 2, the equilibrium population of the V=2 level should 
be negligible with respect to the v=I level and, therefore, the normal I --+ 0 
dominates. The intensity of the anti-Stokes signal will increase above the Boltzmann 
value because of optical pumping, but the frequency will not shift, because of the 
negligible contribution of the v=2 level. 
Hence both the Boltzmann factor and optical pumping affect the frequency 
and broadening of the peaks similarly. However, optical pumping can, in principle. 
be distinguished from heating from the fact that the latter affects lower frequencies 
more than higher ones, while the former will be more evident for modes with larger 
Raman cross-sections. 
We have already seen that the Stokes peaks fluctuate continuously as a function 
of time by small amounts which is partly a manifestation of molecules in slightly CD . 
different situations. In addition to these random fluctuations of a single peak, we can 
expect a correlation between the intensity, red-shift and broadening of the peak. The 
underlying logic of this is that high intensity events are the most likely to affect the 
population of the different levels in a specific vibration through either pumping. heat- 
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ing, or both. This will be revealed by a small softening of the mode and an increase 
in the width. Whether the effect is due to pumping or heating can only be decided 
by comparing two modes at different frequencies under identical experimental condi- 
tions. Heating should have a larger effect for low frequency modes to be consistent 
with a Boltzmann distribution. 
In the next subsection we present cross correlations of the parameters discussed 
above for measurements under single molecule conditions. These allow us to identify 
the roles of heating and optical pumping in the single molecule limit. 
6.3 Cross correlations for heating and pumping 
Figure 6.4 shows the data for 2500 transient Raman events for the 610 and 1510 
cm-1 modes. Measurements were performed using 633nm excitation with 6mNN' at 
the focal point using ax 100 immersion objective in a 10 nM RH6G solution prepared 
as previously described. The data was taken for the Stokes and anti-Stokes modes 
separately with a 2400 lines/mm grating to increase the resolution of the peak to 
-) 0.1 cm-1 and improve the fitting of the data. The background is subtracted 
and a Lorentzian shape fitted for each spectrum from which we obtain the intensity, 
frequency, and width of the isolated single molecule events. Figure 6.4(a) and (b) 
shows the intensity of each peak as a function of its frequency for both Stokes and 
anti-Stokes sides of each mode. Figure 6.4(c) and (d) shows the width as a function 
of frequency for the only the Stokes side. 
6.4 Discussion 
If two properties, such as the intensity and frequency of a mode are completelY un- 
correlated, a correlation plot of the two should look like a uniform distribution of 
points, representing the contribution of the inhomogeneous broadening oilly. Figure 
6.4(a) shows that the clouds of points for the Stokes and anti-Stokes events of the 
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Figure 6.4: Frequency-intensity correlations for (a) 1510 cm-' and (b) 610 ci-11' 
modes and frequency- broadening correlation plots for the same modes (c) and (d) for 
2500 SERS events. Note that the intensity scales are logarithmic. In (a) the visible 
skewing of the data implies a correlation between high intensity and downward shifts 
in frequency. The dispersion of points for each case is a manifestation of inhomoge- 
neous broadening. In (b) there is a much smaller correlation between intensity and 
frequency shift than in (a). An estimate of the temperature needed to produce the 
effect in (a) is completely inconsistent with the behaviour of the mode in (b). A much 
higher degree of correlation can be seen in (c), showing a marked difference with the 
data in (d). 
1510 cm-' are skewed. We are seeing the effect of both inhomogeneous broadening 
and the direct effect of the laser. This reveals that, in the statistical sense, larger 
intensity events are correlated with a softening of the peak. The fact that both Stokes 
and anti-Stokes scattering show the same correlation suggests that the reason for this 
effect is heating rather than pumping. In the case of pumping, if the V =:: 2 level is 
not strongly populated only the Stokes side is expected to soften. This is however not 
entirely consistent with what it is observed for a lower energy mode. Figure 6.4(b) 
shows the case of the 610 cm-1 mode again for Stokes and anti-Stokes sides. As 
discussed previously, heating is expected to influence lower energy modes to a higher 
degree than higher modes. However, only a very weak correlation between intensity 
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and frequency can be seen for the 610 cm-1 mode which is not on the scale expected 
from the data in figure 6.4(a). 
If we assume that the shift observed in the 1510 cm-' mode in figure 6.4(a) 
is produced by a 5% contribution of the v=1 --ý v=2 transition which is a verv 
conservative estimate, it would be very hard to observe such a contribution to the 
total width and frequency of the main peak. If that were the case. a teniperature 
of T- 725K would be required. For that, temperature, the 610 cm-1 mode would 
have a population for v=I of 30%, and 10% and 2.5% for v=2, and V=3, 
respectively. Accordingly, we would expect the 610 cm-1 mode to show substantial 
and more evident correlation between intensity and frequency than the 1510 cm-1 
mode, even with a very conservative estimate of the temperature rise. This is not 
what is observed. Further evidence that the two modes do behave differently under 
the same conditions is seen in the plots of frequency vs. broadening shown in figure 
6.4. It is clear from a comparison between figure 6.4(c) and (d) that the 1510 cm-1 
mode has a much stronger correlation for single molecule events between broadening 
and frequency. 
Therefore, it seems that pumping is the best candidate to explain the difference 
between the behaviour of the two modes. The reason why the 1510 cm-' mode is more 
correlated is because it has a larger Raman cross section and its vibrational levels 
above v=0 are being pumped harder. This still leaves open the question of why the 
anti-Stokes side of the 1510 cm-1 mode is softened? The only possible explanation 
in the pumping scenario is that the v=2 vibrational state is also considerably 
populated, a situation that can be achieved under strong pumping conditions. 
6.5 Conclusions 
In this section, we have studied several aspects of the SERS of single molecules related 
to the evidence of hidden plasmon resonances as well as laser heating and vibrational 
pumping. We have found compelling evidence that, hidden plasmon resonances are 
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the most important factor altering the relative intensitY of different peaks under 
single molecule conditions. This is quite different to our conclusions in the ensemble 
average limit present in section 5.1. We have also established that aS/S ratios can 
only be used if there is a thorough understanding of the electromagnetic contribution 
to the peaks on both sides of the laser. As this is generally not the situation aS/S 
ratios are not very good indicators of temperature or pumping in the single molecule 
limit. Only indirect evidence for the effects of heating and vibrational pumping in the 
single molecule regime can be obtained in a statistical sense once detailed correlations 
between the parameters of the scattering events are analysed. A mode ýN-ith a higher 
Raman cross section like the 1510 cm-1 displays a very different behaviour from lower 
energy modes like the 610 cm-1 in a way which is not entirely consistent with local 
heating and suggest some degree of pumping. A marginal skewing of the intensit. y- 
frequency plots for the 610 cm-1 mode and a mild correlation between frequency and 
broadening suggests that there might be a small contribution from heating in the total 
effect. This is acceptable if we take into account that pumping will result inevitably 
in a small conversion of energy to other modes through anharmonic interactions and, 
therefore, a small amount of heating. The most likely situation suggested by our data 
is that both effects play a role. 
Our work in the single molecule regime leaves the issue of the power depen- 
dence of the SERS signals completely aside. Here we have established the techniques 
and methods to be used for the study of vibrational pumping and heating of single 
molecules. 
159 
Chapter 7 
Summary and future work 
The Zmportant results of the thesis are summarised and their relevance to the wider 
field of SERS ts discussed. Finally we propose possZble avenues for further work. 
The main aim of this work was the development of a metrological technique 
for SERS processes using the ratio of the anti-Stokes and Stokes intensities, p. The 
use of p for metrology of SERS was first proposed by Kneipp et al. [I] in 1996 and 
the principles behind the technique are fully described in chapter 3. p is a particu- 
larly powerful characterisation of SERS substrates as it is sensitive to heating, optical 
pumping of vibrational modes by laser action and resonances. Given that the mag- 
nitude of optical pumping is determined by the effective SERS cross-section, 07s, a 
measurement capable of decoupling these contributions will allow 07S to be evaluated. 
Although there was some evidence for the pumping of vibrational modes under SERS 
conditions, it was inconclusive as the other contributions were ignored and generated 
a great deal of controversy in the literature. Therefore a proof of optical pumping 
under SERS conditions was central to the thesis. 
The main results of this thesis in the ensemble limit can be summarised as: 
1. Low power measurements of the aS/S ratios as a function of incident waý-eleil( )-t h 
are able to determine the resonance profile of SERS samples involving resonant 
molecules. The resonance profile is not dominanted by the intrinsic resonance of 
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the analyte directly. This is modified when the analyte is in close proximity to 
the metal surface. No anomalous ratios are observed for nonresonant aiial. vte-ý 
given that plasmon resonances are too broad to be detected. 
2. Measurements of p as a function of power are highly irreproducible. As a result it 
is impossible to extract the different contributions to p with such a measurement 
at room temperature. 
I Studies of p as a function of temperature allows for the separation of the con- 
tributions of resonances, heating and optical pumping to the anomalous ratio. 
Measurements can be performed over a wide range of temperatures using low 
power densities avoiding photodecomposition and heating effects. These mea- 
surements reveal two regimes where the anti-Stokes intensity is dominated by 
thermal effects at high temperature and optical pumping at low temperature. 
Experimental data agrees well with theory allowing the extraction of a once 
Thas been estimated. However, it is this estimation ofT that is the primary 
source of error in the current method. 
4. At high power a, and hence p, is reduced due to the photodecomposition of 
the analyte. It is well known that this proceeds at a faster rate for molecules 
located at regions of higher enhancement [158,159]. This suggests that we can 
use studies of p as a function of power and time in the pumping dominated 
regime to extract the full distribution of enhancements. 
5. Measurements investigating the contributions of heating, pumping and reso- 
nances for single molecules showed that only indirect observation can be made 
using complex statistical analysis techniques. Cross-correlation of peak parame- 
ters for a large sampling of events showed evidence for all three contributions. 
Although great progress has been made in this work towards the development 
of a universal metrological technique for the characterisation of SERS surfaces there 
are a number of outstanding issues that could be addressed in future work. Possible 
extensions to this work are listed below. 
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The estimation ofT is central to the extraction of a in the method presented 
in this thesis. Currently we have developed a method to estlinate 'T for the 
various modes of a particular molecule using the FWHM which Nve refer to as 
the corrected lifetime method (see page 129). However, this estiniation ofT is' 
limited by other contributions to the FWHNI such as inhomogeneous broadening 
and is the main source of error in the method for the extraction of 0'. We would 
like to measureTdirectly using time resolved spectroscopy to remove this source 
of error. 
2. The results of measuring p as a function of temperature for the nonresonant 
molecule benzenethiol presented in section 5.6 showed a non-unitary value of 
A. This suggests that the molecule was resonant with the exciation "ý-avelength. 
Possible explanations for this include the creation of new electronic levels within 
the molecule which binds strongly to the metal surface, the effect of the image 
dipole or resonances with surface plasmons. More measurements. possibly in 
conjunction with ab initio simulations, are required to resolve this issue and 
determine the origin of the observed resonance. 
3. This study has not investigated the spatial variation or reproducibility of A, Is 
or a to any great extent. The values extracted from the technique developed 
here are heavily biased towards the highest values and are not fully representa- 
tive of the sample. Because of this, measurements using the conventional Ra- 
man spectrometer provide no indication of how the SERS enhancement varies 
across the surface. The variation in enhancement over a large area could be 
investigated by mapping the SERS active substrates using the confocal Raman 
microscope. Maps of different substrates using the same analyte would then 
allow a good comparison of as to be made. Initial measurements would investi- 
gate substrates of dried colloids which offer good SERS enhancements and are 
known to have a large variation in enhancement over the surface. This would 
test the technique. The SERS active dye RH6G. used extensively throughout 
this study, would be a good choice of analyte as it is well understood and has 
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large SERS enhancements. The samples could be characterised using AFNI or 
SEXI imaging which could then be directly correlated to the Raman map over 
the same area. This in turn could be used to model the structures accuratehý 
computationally using Comsol Femlab. The map resulting from the extracted 
values of a could then be compared to Is. Is is notoriouslY difficult to use as, a 
comparison of different substrates given the imprecise nature of the surface area 
of the metallic structure illuminated and the number of active molecules. The 
extraction of the cross-sections would remove this problem and a comparison of 
the two would allow us to determine precisely how Is relates to o7s. 
4. These measurements could then be extended to substrates with well defined, 
controllable and characterised geometrical features. Such measurements may 
allow the relative contributions of the electromagnetic and chemical enhance- 
ment mechanisms to be determined. Initially these measurements would in- 
volve the silver pillar and toroidal substrates investigated in the current study. 
These have well defined average properties but the local geometry cannot be 
precisely controlled. Substrates of specific local geometry could be produced 
using focused ion beam lithography or nanosphere lithography. This along with 
computational simulations would allow for the precise design of SERS hotspots. 
Although measurements would initially be carried out using RH6G, the inves- 
tigation of other SERS molecules with different binding strengths and resonant 
properties would allow for the investigation of the relative contributions of the 
chemical and electromagnetic enhancement mechanisms. The SERS distance 
dependence function could also be investigated for the different geometries by 
using a Raman inactive spacer of variable length such as a self assembled mono- 
layer. 
5. It has been shown that the enhancement of the photo-decomposition is propor- 
tional to the local field strength[158]. Given this it may be possible to infer 
the distribution of enhancements probed during a measurement, by im-estigat- 
ing how the rate of photo-decomposition, Is and the aS/S ratio in the pumping 
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dominated regime changes over long periods of time for different power den- 
sities. Investigation of the photo-decomposition and Is could be carried out 
at room temperature allowing greater flexibility in the experimental conditions 
allowing measurements in liquid and in various controlled atmospheres. Such 
investigations would be useful for both non-resonant and resonant molecules as 
a function of wavelength where different mechanisms are likely to be dominating 
the decomposition process. 
6. Although a limited investigation of the photo-decomposition under SERS con- 
ditions was made in this thesis, a more systematic investigation would greatly 
improve the understanding of the process. Studying the photo-decomposition 
of single molecules under SERS conditions at low temperature may provide 
a better understanding of the mechanisms involved. There are many mecha- 
nisms that may contribute including the dissociation of the molecule under high 
electric fields generated at metal surfaces, photo-induced de-absorption, photo- 
oxidation, and two photon ionisation. SERS is able to monitor molecules in real 
time and can be used to study the intermediate states of molecules undergo- 
ing structural changes[180]. Monitoring of SERS signals from single molecules 
may allow the observation of the Raman scattering from intermediate states of 
the molecule as it decomposes. Such investigations carried out as a function 
of temperature and in controlled atmospheres coupled with DFT calculations, 
may lead to a better understanding of the specific processes by which molecules 
decompose under SERS conditions. 
7. The wavelength dependence of SERS enhancement is important for the opti- 
misation of SERS for applications and for the fundamental understanding of 
SERS. Many studies have investigated the SERS intensity as a function of inci- 
dent wavelength[6]. However, these effectively assume that all molecules probed 
contribute equally to the observed signal which is generally not, the case. An 
investigation of the wavelength dependence of as using the technique presented 
here would be independent of the number of active molecules. This would allow 
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the direct comparison of the maximal values as with the wavelength dependence 
of the surface plasmons and should confirm the predictions of the electromag- 
netic theory of SERS. 
8. Many applications currently under development using SERS are based on aque- 
ous conditions. Development of a technique to measure as under such conditions 
accurately would therefore be more relevant. It might be possible to improve 
temperature dependence measurements for aqueous samples by performing the 
measurements in a sealed cell to reduce the effects of evaporation thus extend- 
ing the temperature range available. Alternatively, now that optical pumping 
under SERS conditions has been conclusively demonstrated it is now more rea, - 
sonable to use p as a function of power as a characterisation technique. With 
careful choice of experimental conditions, laser heating could be minimised and 
resonances determined for room temperature measurements allowing as to be 
extracted. 
Given the rapid development of SERS for applications over the past decade, the 
development of an improved metrological technique should help in the development 
of new SERS active substrates with improved properties and in the optimisation of 
experimental conditions. Now that the principles behind optical pumping have been 
confirmed in this work, we can work towards the development of such a technique 
which is relevant to current applications under a wide range of experimental condi- 
tions. 
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